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Determination of Bandgap Narrowing
and Parasitic Energy Barriers in SiGe
HBT’s Integrated in a Bipolar Technology

Benedicte Le Tron, M. D. R. Hashim, Peter Ashburn, Mireille Mouis, Alain Chantre, and Gilbert Vincent

Abstract—This paper describes a method for characterizing the base due to doping-induced bandgap narrowing. The SiGe
bandgap narrowing and parasitic energy barrier in SiGe hetero- HBT offers a solution to this problem because the introduction
Jur:ct|§|)_n b'p°|f|"fr tl(ansgt%rs (lHBT’S)' fabr'gated using a s;}ngle.- of SiGe into the base reduces the band gap in the base. In
polysilicon self-aligned bipolar process. From a comprehensive ” S . .
study of the temperature dependence of the collector current, addition, a low-doped e_mltter is generally used in a _S'Ge
the bandgap narrowing in the base due to germanium has been HBT 10 separate the highly doped_ base_ from the hlgh!y
dissociated from that due to the heavy dopant concentration. The doped emitter contact and hence avoid emitter/base tunnelling
same approach has been used to characterize the height andleakage. As a result, the doping-induced bandgap narrowing
width of parasitic energy barriers which appear when boron in the emitter of a SiGe HBT is generally less than that in a
out-diffusion from the SiGe base is present. The method has ., entional Si bipolar transistor. These two features of the

been applied to SiGe heterojunction bipolar transistors fabricated _. - . . . . .
using a single polysilicon, self aligned, bipolar process, as well SiGe HBT make it possible to design devices with high values

as mesa transistors. The experimental results show that small Of gain, even at liquid nitrogen temperature.
geometry transistors have degraded collector currents due to  The analysis of bipolar transistor behavior at low temper-
boron out-diffusion around the perimeter of the emitter. This ature is also important as a method of providing detailed
tboehi\'lril(t)r dZ?esctbler‘]eer’;fézi%eﬂiEy %%Cee'ftrr?rgzi‘i %‘;rsoé‘igqiﬁ:’;i?”#]‘ée understanding of the physics of device operation. Analysis of
| . . h .
vaI?Jes of undoged SiGe space? thickness needed to £uppress théhe bas‘? current as _a function of temperature can hlgh“gh.t
parasitic energy barrier are described. Finally, high-frequency Mechanisms responsible for leakage current [9] and analysis
results are reported, which correlate the frequency transition to Of the collector current can provide important information
these parasitic energy barriers. on the base doping profile. In an earlier paper [10], an
analysis method was described for determining the apparent
bandgap narrowing in the base of a Si homojunction or
HE introduction of SiGe into the base of a Si bipolasiGe heterojunction bipolar transistor from the temperature
transistor allows a significant enhancement of transistgépendence of the collector current. This method was shown
performance. Thanks to the heterOjUnCtion EffeCt, thin, heav&y be h|gh|y sensitive to the presence of tails on the base
doped base can be used to reduce the transit time in Hhing profile, and hence would be well suited to the study of
base without compromising the base resistance or the emiti@omalous diffusion of boron in the very thin, highly doped
injection efficiency [1], [2]. Over the last ten years, SiG@gases that are needed for SiGe HBT's.
technology and heterojunction bipolar transistor (HBT) design goron out-diffusion from the base of a SiGe HBT can se-
has progressed considerably, and has reached the poiny,&ly degrade the device performance due to the formation of
record cut-off frequencies above 100 GHz [3], [4] and recorghrasitic energy barriers at the collector/base and emitter/base
ECL gate delays down to 11 ps [3], [6]. junctions [11]-[13]. Even very small amounts of out-diffusion
Parallel with these developments in high-speed technology, few nanometers) from the SiGe base can dramatically
there has also been interest in the development of BICMQ@8qrade the collector current [14] and hence the current
processes for operation at liquid nitrogen temperature [7], [§]4in. Transient enhanced diffusion due to implantation-induced
The well known difficulty with the low-temperature operationysint defects has been shown to cause severe out-diffusion of
of bipolar transistors is the exponential decrease in Currgqf,on \when an emitter contact implant is included immediately
gain ywth deqreasmg temperature. In a conventhnal Si b|polé1150\/e the SiGe base [15], [16]. Although this problem can be
transistor, this occurs because the band gap in the heaylyiqeq by the use of a polysilicon emitter contact, similar
doped emitter is smaller than that in the more lightly dopegient enhanced diffusion phenomena may be seen due to

g@ve implantation of an extrinsic base contact [17], [18].

I. INTRODUCTION
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Fig. 1. Schematic cross section of (a) a LOCOS isolated and (b) a mesa-isolated HBT.

different emitter geometries, and the results obtained are usatheal at 800°C for 20 min after polysilicon implantation
to study how the extrinsic base implant influences boron owtnd a rapid thermal anneal at 990 for 20 s before contacts

diffusion from the intrinsic SiGe base. and metallization.
For comparison purposes, mesa transistors were also fabri-
Il. DEVICE STRUCTURE AND TECHNOLOGY cated using a previously described process [19]. In this case,

The HBT structure under investigation was fabricated gjie extrinsic bage was fabricated using a dua12I implant of 35
inserting a Si_,Ge, epitaxial layer, into an existing CMOS-KeV, 2.10° cm™=BF;, and 120 keV, 2.18 cm~?B into the _
derived, single-polysilicon, self-aligned bipolar process [g(l?_w-doped silicon emitter to produce the structure shown in

After the field oxide (LOCOS) isolation, and gate oxid ig. 1(b). The thermal budget used in this process was a rapid
removal, the  base and N emitter were grown using thermal anneal at 90TC for 30 s. Some of the epitaxial layers

. . s . r the mesa transistors were grown under the same conditions
rapid thermal, chemical vapor deposition (RT-CVD). The basL85 those for the LOCOS transistors, while others were grown

. . O . 8 _3
Ei)r?oerfc_eéjovzrélcgil Sthk Cogzlsséeﬁjocl)lgsvzgﬂ;'cg i'ggé-'(chr?ck under different conditions. Full details of the epitaxial layers
108 Pg h.92 heb'og d ’d i y iter. T ' f?r both the LOCOS and mesa transistors are given in Table I.

cm = phosphorus—dopeag siiicon emitier. 10 prevent g o of the electrical measurements were performed on
boron out-diffusion, 100 or 50-A thick undoped SiGe spacerlarge geometry devices (up t0 x 100 zm?), in order to
layers were introduced on both sides of the doped SiGe bagg, 4 cterize the intrinsic transistor only, and to eliminate edge
The emitter was fabricated by depositing a polysilicon emitt@tects and technological problems linked to small geometry
and then etching through the polysilicon, the low-doped silicQfiyices. The values of base doping concentration, undoped
emitter to produce the structure shown in Fig. 1(a). A linkjge spacer width and emitter dimensions are summarized in
base was then produced using a 30 keV, EX0n~* boron Taple |, for both types of device.
implant, followed by the formation of sidewall spacers using
PECVD SiG. The extrinsic base was fabricated using a 10
keV, 8.1G* cm~2 boron implant and was self-aligned to the This analysis method gives the bandgap narrowing in the
etched polysilicon emitter, as shown in Fig. 1(a). The thermbhse from the temperature dependence of the collector current.
budget used in the process consisted of a dopant activatieor a constant and uniform Si base doping, the collector

Ill. THE ANALYSIS METHOD
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TABLE | A factor C(SiGe) can be defined to take the SiGe alloy into
TECHNOLOGICAL PARAMETERS FORLOCOSAND MESA-ISOLATED TRANSISTORS account. which is expressed as
Transistor Isolation Base doping Spacer Ge content Emitter C . NeN U(SiGe) (T) Hn, B(SiGe) (T)
type em3 thickness A % width*lenght (SiGe) — NCNU(S') (T) Lo B(SH) (T)
pmpum 1 n 1

Tl LOCOS 5.1018 100 8 100%100 = 039 for 8%Ge and 021 fOI’ 16%Ge (5)
2 LOCOS 5.1018 30 8 100100 This factorC' is assumed not to vary strongly with temperature
T3 LOCOS 5.1018 100 8 1.4%10

and will be considered as a constant in the following analysis.
Combining (1)—(5), we can describe the temperature de-

mesa 1018 * 4 -
;Z . :_1218 155(; iz zz*zz pendence of the collector current density for a SiGe HBT as
T7 mesa 6.1018 50 16 (9)%22%22 follows:
T8 mesa 5.1018 150 16 (9)*22*22 JC(SiGe)(T) AEg + AEgB

IO —exp — 2 0B (6)
Jo(T) kT
where
current density can be expressed as [10] 2r\
JO(T) :C(S|Ge)4q ﬁ (mnmp)g/Q(kT)4unB(Sl) (T)
kTnZ s (T) AEyp 4VBE qVer — Ec(T)

Josy(T)

exp— exp e (1) tpp(siy(T)Rp(T) exp T 7)

Jo(T) can be determined by measuring the intrinsic base

wherek is the Boltzmann constarif; the temperaturgy,, 5 (7') sheet resistancB 5(T') for several temperatures, and by using
the minority carrier electron mobility in the base given by thhe described models for the temperature dependences of
Klaassen model [20]AE,; the bandgap narrowing in thethe mobilities and the silicon bandgap. The mobilities are
base induced by high doping effects, drigl: the base-emitter calculated at the mean base doping level, which is deter-
voltage. mined in an iterative way by fitting to the measured intrinsic
The temperature dependence of the intrinsic carrier concé@se sheet resistance. Then, the total bandgap narrowing

tration for undoped siliconp.o(T), is given by the following AEc + AEgp can be obtained from the slope of a graph
expression: of ln(JC(SiGe)(T)/JO(T)) versus the reciprocal temperature.

2k \ 3 Eo(T) We can notice that the intercept with the vertical axis should
nio(T) = <%> (mnmy)® 2 T° exp% (2) be equal to unity.

~ Ws(T) - p(T)

where m,, and m,, are the effective masses for electrons, IV. RESULTS AND DISCUSSION

1.08m,, and for holes, 0.97,, [21]. The silicon bandgap vari- 5. Effect of the Undoped SiGe Spacer Thickness
ation with temperaturd(7T) is described by the Thurmond
model [22]. The product of the neutral base widihs with
the free carrier concentration in the bagecan vary with

temperature as a result of freeze-out of carriers in the baagse was 55@\ thick, with a boron doping concentration of

8 —3 R thi i
This can be measured from the temperature variation of t 0 cm-?, and was boundgd by 108:thick undoped _S|Ge
intrinsic base sheet resistané; (T) spacer layers (transistor T1 in Table I). After processing, and

mostly due to the non negligible thermal budget used in the

The SIMS doping profiles for a typical SiGe HBT analyzed
in this paper are shown in Fig. 2. The as-growp.&3G&). os

Wa(T) - p(T) = 1 (3) device processing, the mean calculated base doping concentra-
qrpsRE(T) tion became 1.7.16 cm~3 for a measured metallurgical base
where 1, 5(T") is the majority carrier mobility in the base,width of 900A. It can be noticed however that the base profile
given by the Klaassen model [20]. remains rather abrupt and hence the assumption of uniform
If the Si base is replaced by a SiGe base, the collectoping in the analysis method is reasonable.
current expression (1) becomes Fig. 3 shows graphs ch(SiGe)<T) versus reciprocal tem-
NeNvsice) perature (band gap narrowing plot) for a large geometry
Jc(SiGe)<T) = Jo(si) (T)WS(T) LOCOS transistor with an undoped SiGe spacer layer of 100
(81 A (transistor T1). Thed(VpE) characteristics were measured
Hnpsice) (1) exp Abg (4) at temperatures between 340 K and 40 K and found to be
tnB(sy(T) kT ideal over the whole temperature range. The characteristic

where AE is the bandgap narrowing in the base due tshown in Fig. 3 is extremely linear and the extracted slope
the presence of the germanium. There is little data in tlggves a value for the total band gap narrowing in the base
literature concerning the effective density of states and thAEq; + AE,g) of 109 meV. Measurements were also made
carrier mobilities in SiGe. In this article, we have used then a comparable Si bipolar transistor with 0% Ge in the base,
data of Manku and Poortmans [23], [24]. The density of statés order to determine the band gap narrowing in the base in
ratio has a value of 0.3 for 8% Ge at 300 K, amgs (SiGe) the absence of Ge (the so-called doping-induced band gap
= 1.3 ung (Si). There is no data concerning majority carrienarrowing). For a transistor having a 10B0thick Si base,
mobility 12,5(T’) in SiGe so it has been assumed that it is theith a mean base doping concentration of 2%1@m—2, a
same as that in Si. doping-induced bandgap narrowing in the bas&,z of 39
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ature range. The extracted slope (total bandgap narrowing in the base) g[fJ]dSO A _(m_Stead of 100A on Fig. 3) O.n the.Ic(VBE)

intercept are 109 meV and 0.9. characteristic, we measured a non ideality which appeared
for temperatures lower than 225 K and a significant leakage

meV was measured [25] which is also the expected value frémrrent for temperature below 180 K. When we plot the
literature [26]. Subtracting this value from the total band gap:/Jo versus 1/T characteristic for this sample (Fig. 4), the
narrowing in the base, gives a band gap narrowing of mharacteristic is less linear than that shown in Fig. 3, with
meV due to 8% Ge. This result is in reasonable agreemédhe slope at high temperatures being higher than that at low
with the theoretical values of 75 meV [27] and 74 meV [28}temperatures. The measured slope of 50 mev is much lower
given in the literature. The value of intercept in Fig. 3 ighan that observed in Fig. 3 and the intercept diverges from the
0.9, which compare well with the expected value of 1.0. Thxpected value of unity to a value of 7. Earlier work [10] has
demonstrates that the theoretical models and chosen constah@vn that non linear characteristics can be indicative of the
are good and that the temperature measurements are \wedisence of a tail on the base doping profile, and that in this
controlled. On a similar transistor, with a mesa structure, wo@se the slope of the characteristic at high temperature gives
obtained the same band gap narrowing (109 meV), and ammore reliable value for the band gap narrowing. If the data
intercept of 0.8. for 1000/T < 5 K~ is taken in Fig. 4, the slope increases to

Fig. 4 shows a bandgap narrowing plot for a large geomett meV and the intercept decreases to 3.8. These values are
LOCOS transistor (T2), with a thinner undoped SiGe spacstill considerably different than those seen in Fig. 3.
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A simple way to highlight the existence of a parasitic energy
barrier at the base-collector junction, is to reverse bias the
base-collector junction, in order to widen the depletion layer
and to reduce the barrier height, as illustrated schematically
in Fig. 6. If we now plot theJ/.J, versusl/T characteristic
for a 3 V reverse bias, as shown in Fig. 7, we see that the
slope increases to 67 meV, and becomes closer to the expected
bandgap narrowing of 109 meV. In addition the intercept
decreases to 1.5 and becomes closer to the expected value
of unity. These results confirms the existence of a parasitic
barrier at the base-collector junction.

The Slotboom parasitic energy barrier model [13], [28] can
be adapted to obtain an expression for the collector current
! density as a function of the barrier characteristics. If a barrier
Si (N) SiGe (P) Si (N) width AW= and a barrier heigh\E« are defined (Fig. 6),
Emitter Base Collector then the exp(qVsr/kT) term in (6) can be replaced by a

Fig. 6. Schematic band diagram showing the base-collector parasitic bart@fm
dimensions (its widthA1W*, and its heightA £*), as well as the effect of

the base-collector junction reverse bias on the parasitic barrier. qVBE
P\ T
) (= (35) )
E X —
: & Veg=3V Wg kT
104 slope = 67meV . " .
E For a large barrie(AE* > kT), Jo/J, can be approximated
L by
£ 103¢
= g Jo _ Wg AEc + AE,5 — AE*
& r — = 7 €XP .
T 102 E Jo AW kT
- ; slope = 50meV )
[ In this case, the slope of a graph bf.J-/J,) versusl/T
10 ¢ givesAEg+AE,s—AE* and the intercept giveld s /AW™*.
¢ We can estimate the width and height of the parasitic energy
1[ ! | barrier in transistor T2 (with 56 spacers) |f we assume that
0 5 10 15 the measurement on transistor T1 (with ]A)@pacers) gives
1000/ (K1) avalue ofAE; +AEyg. In this case, the barrier height £*

can be obtained by subtracting the slope of 50 meV in Fig. 4
Fig. 7. Jc/Jo versus(1/T) characteristic showing the effect of a collec- from the value of 109 meV in Fig. 3 to give 58 meV. Similarly,
tor-base reverse bias for the LOCOS isolated 45iGe) s HBT T2 (50A ? barrier widthAW* can be obtained from the intercept in
spacers), for the 340 K-80 K temperature range. The measured slope eql__la 4
50 meV atVpe = 0 V and 67 meV afi g = 3 V. ig. 4 (7.0) and the measured base width (14p@o give 150

A. These are reasonable and realistic values, considering that

the barrier height should be lower than the band gap difference

Similar behavior is also observed on mesa devices, lstween silicon and the SiGe alloAE, = 70 meV).

illustrated on the bandgap narrowing plots in Fig. 5. The slopelt is much more difficult to characterize the effect of the
of 146 meV obtained for the Si/$i,Gey.16 HBT with a 50- parasitic energy barrier at the emitter base junction. Reversing
A undoped SiGe spacer (transistor T5) is less than the slape emitter and collector role and operating the transistor in
of 157 meV obtained for the device with a 1BOspacer the inverse active mode is not conclusive; the collector is
(transistor T6). Also shown for comparison is the characteristite n-on-r- wafer substrate and parasitic currents originat-
of a transistor (T7) with the same area as transistor T5, buing in the extrinsic regions disturb the collected current in
longer perimeter. In this case, a slope of 101 meV is obtaingde emitter. Another possible approach would be to use the
which is significantly less than the value of 146 meV obtainezbnclusions of Gruhle [29] who showed that the collector
for transistor T5. The results in Figs. 4 and 5 show anomaloasrrent ideality factor was sensitive to the presence of parasitic
behavior on both LOCOS and mesa devices when the undopeergy barriers at the emitter-base junction. This ideality
SiGe spacer is very thin. This suggests that the explanati@ctor » can be introduced into the analysis method by
for the anomalous behavior may be out-diffusion of bororeplacing the(qVegr/kT) term in (7) by (¢Vee/nkT). The
from the SiGe base, which leads to the formation of parasiideality factorn has been carefully measured dp(Visg)
energy barriers at the emitter/base and collector/base juncticharacteristics, for each temperature, with a precision better
[11]-[13], and consequently to a reduction of the collectahan 1%. Fig. 8 shows the corrected characteristic for the 340
current. The perimeter dependence of the slope seen in FigK-EL25 K temperature range and zero collector/base voltage.
suggests that the out-diffusion is greater around the perimelierthis case, we obtain a slope of 103 meV, which is very
of the emitter than in the centre. close to the expected value of 109 meV.
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Fig. 8. J¢/Jo versus (1/T) characteristic of the LOCOS isolated Fig. 9. J-/Jo versus(1/T) showing the effect of a collector-base reverse

Sip.02Gey.0s HBT T2, corrected for the nonideality, for the 340 K-125pias, for a small geometry LOCOS isolated $i Gey oz HBT T3 (Table 1),

K temperature range. for the 340 K-80 K temperature range. The measured slope equals 45 meV
atVgo =0V, 58 meV atVge =2 Vand 72 meV afVgo =4 V.

B. Small Geometry Effects: Transient Enhanced

Base Diffusion 10°
So far, we have only tested large area transisfots= 10" |
100 x 100 or 66 x 66 m?). In this section, we analyze a s f

. . 10 L
small geometry transistor (Transistor T8,= 1.4 x 10 um?), :

originating from the same chip as the large geometry transister 10°
T1, with doping profiles shown on Fig. 2. Consequently, w& _ . ¢
can assume that the doping profiles of the two devices are fie ~
same. S 10° |

Fig. 9 shows a band gap narrowing plot for transistor T3, 0’ i
measured at zero collector/base voltage. The measured slope
of 45 meV is much lower than the expected value of 109 meV 1¢' |
extracted previously in Fig. 3 on the large geometry transistor. j . ‘

This indicates that the boron out-diffusion from the SiGe base " =" %2 7 & o 10
is greater in small geometry devices, and implies a perimeter 1000/T [K-1]
dependence to the out-diffusion. When we reverse bias the 10. Jo/Jo versus (1/T) characteristic for the mesadsolated

C Q
tz)a\s/ebﬁg!,ecgﬁzjjltjgc;gnrhg:/e fil:?ze A{nflrerZ\S/Zfsteo Sgsn’](i\ig.f%%g%gg;g HBT's T6 (150A spacers) and T8 (158- spacers, longer
We conclude therefore that, at zero collector/base voltage, a
base-collector parasitic barrier is present in the small geome§yepitaxial base [15], [16]. In this case, point defects generated
devices with a height E* estimated at 63 meV and a widthby the emitter implant dramatically enhanced the diffusivity of
AW* at 250A using the previously described method. the boron in the underlying base.

The results on LOCOS devices in Fig. 9, taken together The results presented in this paper clearly demonstrate the
with the results on mesa devices in Fig. 5, indicate that thezards of using ion implantation in the fabrication of SiGe
boron out-diffusion from the SiGe base is greater around tHBT’s. The question posed by these results is whether ion
perimeter of the emitter than in the centre. In both types dfiplantation should be completely avoided in SiGe processes.
device, an extrinsic base implant is carried out immediately order to address this question, mesa devices where fab-
adjacent to the active emitter area. The above results covilchted with thicker undoped SiGe spacers in an attempt to
therefore be explained by transient enhanced diffusion of tbkminate the parasitic energy barriers around the perimeter
boron around the perimeter of the emitter due to point defeaf the emitter. The resulting bandgap narrowing plots are
created during the extrinsic base implantation. The resu#isown in Fig. 10 for HBT’'s with 15G% spacers and for zero
suggest that, in small geometry devices, these point defectdlector/base voltage. A slope of 157 meV is obtained for
are able to migrate across the whole of the intrinsic ba#iee device with a short perimeter, and 150 meV for the device
and cause enhanced boron out-diffusion across the whole axéth a long perimeter. On the application of a 5 V reverse bias
of the emitter. In large geometry devices, however, the poittt modulate any residual potential barrier at the collector/base
defects are unable to migrate as far as the centre of the intrinjsiection, these slopes increased to 159 meV and 156 meV,
base, and hence enhanced boron out-diffusion is only obtainmedpectively. It can therefore be concluded that increasing the
around the perimeter of the emitter. Similar transient enhancgghcer thickness to 158 has eliminated the majority of the
diffusion has been observed in silicon bipolar transistors whearasitic energy barrier at the perimeter of the emitter, as can
an ion implanted emitter contact was introduced above a buried seen by comparing the slope of 101 meV in Fig. 5 with

o kL
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the slope of 150 meV in Fig. 10. However a small residual B. Noble, C. M. Gronet, and J. F. Gibbons, “Small geometry, high-
energy barrier may still be present, even for a spacer thickness Pperformance, Si-Si,Ge. heterojunction bipolar transistors/EEE

H . . Electron Device Lett.yol. 10, p. 503, Nov. 1989.
of 150 A, as can be seen from the increase in slope from 15%] E. F. Crabbe, J. D. Cressler, G. L. Patton, J. M. C. Stork, J. H. Comfort,

to 156 meV on the application of a reverse collector bias. and J. Y.-C. Sun, “113-Ghz fT graded-base SiGe HBTIEEE Trans.
These results demonstrate that a careful choice of undoped Electron Devicesvol. 40, p. 2100, Nov. 1993.

. . . . A. Schuppen, A. Gruhle, H. Kibbel, U. Erben, and U. Konig, “SiGe
SiGe spacer thickness must be made when an ion |mplanté HBT's with high fr at moderate current densitiegfectron. Lett.vol.

extrinsic base is incorporated into a SiGe HBT process. 30, p. 1187, 1994.
As small geometry devices are used in high-frequenciﬁl T. Meister, H. Skafer, M. Franosch, W. Molzer, K. Aufinger, U. Scheler,

. . . . C. Walz, M. Stolz, S. Boguth, and J.6Bk, “SiGe bipolar technology
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