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Abstract 

A silicon bipolar technology is presented that incorpor- 
ates a selectively epitaxially grown base in a double- 
polysilicon transistor. Si-bases as well as Si/SiGe- 
multilayer bases are applied. Both result in excellent 
device performance, with cut-off and maximum oscilla- 
tion frequencies up to 45 GHz, and ECL-gate delays 
down to 13.7 ps. DC-coupled broad-band amplifiers for 
15 Gbit/s optical data links have been fabricated, provid- 
ing record bandwidths of 13.2 GHz. As selective epitaxial 
growth is performed at 700°C in a production epitaxial 
reactor, this technology can easily be combined with cur- 
rent semiconductor manufacturing technology. 

Introduction 

Epitaxially grown bases have shown to lead to  bipolar 
transistors with extremely high cut-off frequencies f T ,  as 
they allow better control over the required shallow active 
base profiles than implanted-bases do. The additional 
introduction of germanium in such deposited bases im- 
proves the trade-off between these high fT-values and the 
intrinsic-base sheet resistance RB. By means of Selective 
Epitaxial Growth (SEG) an epitaxial base can be integ- 
rated in a fully self-aligned manner into the double-poly 
transistor structure [1,2]. In this way the above advant- 
ages of an epitaxial base device are combined with the 
intrinsic advantages of the double-poly device, e.g. sub- 
lithographical emitter width and low extrinsic base res- 
istance [3]. In addition, the base-collector capacitance is 
strongly reduced, due to  the inherently lower perimeter 
contribution. 

The SEG-base technology presented here, allows the 
incorporation of Si-bases and Si/SiGe-multilayer bases. 
The speed performance of both types of transistors is sig- 
nificantly better than  tha t  of previously reported ones 
[1,2]. This is demonstrated by a small ECL-gate delay of 

13.7 ps and a world-record band width of 13.2 GHz, for 
a DC-coupled wide-band amplifier circuit for >15 Gbit/s 
optical communication systems. 

Fabricat ion 

Many reports have suggested that low-temperature high- 
quality (selective) epitaxy of Si and SiGe requires CVD at 
ultra-high vacuum conditions [2,4]. However, we demon- 
strate that both materials can be grown selectively, using 
the ASM Epsilon production epitaxy tool at a temperat- 
ure of 700°C and a deposition pressure of 20 Torr. The 
thickness uniformity is about 5%. SiHZClz and GeH4 
are used as source gases, and B z H ~ ,  AsH3 and PH3 as 
dopants. HCl is added for selective growth conditions. 

Fig.1 shows a schematic cross-section of our transistor. 
Initially, the fabrication process follows that of our 
implanted-base double-poly devices [3]. However, after 
LOCOS formation and prior to  base-polysilicon depos- 
ition a TEOS-layer deposition is added. The base poly- 
silicon layer is oxidized in the field regions by a LOCOS- 
like procedure, reiulting in a planar structure. A ni- 
tride layer is used to  mask the etching of the emitter 
window, which stops on the TEOS layer underneath the 
base polysilicon. After formation of nitride inside spacers, 
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Figure 1: Schematic cross-section of the selective-epitaxial- 
base transistor, prior to metallization. 

30.5.1 

0-7803-2700-4 $4.00 01995 IEEE IEDM 95 -747 



the TEOS layer is wet etched laterally underneath the 
polysilicon. Subsequently, a P-implantation is used to 
increase the collector-doping level below the emitter to 
about (SC in fig.1). Our SEG process is 
capable of growing Si and Si/SiGe multilayers, selective 
with respect to the nitride, creating low-ohmic contacts to 
the overhanging polysilicon. After SEG, the transistor is 
finished as a regular double-poly device [3]: oxide spacers 
are created and the emitter polysilicon is deposited, im- 
planted with arsenic, annealed by RTA and patterned. 
Finally, contact to the collector plug and to the base- 
contacting polysilicon is established and the transistor is 
completed using standard metalization techniques. 

Results 

A .  Structural properties 

Fig.2 shows SIMS depth profiles of B, As and Ge for a 
large-area device with a SEG Si/SiGe base. The thick- 
nesses of the Si layer and the SiGe layer are both about 
65 nm. These layers constitute the Si/SiGe base, which 
has a final thickness of about 45 nm and a boron dope 
level of 4 ~ l O ~ ~ c m - ~ ,  as well as a 40 nm thick SiGe layer, 
doped with about 1 x 1016cm-3 phosphorus, which is de- 
posited between base and collector in order to prevent 
parasitic potential barriers at the SiGe-substrate inter- 
face. A TEM cross-section is presented in fig.3 for a 
transistor with an intended SEG Si/SiGe base profile as 
shown in fig.2. 

For a similar transistor, with a SEG base of only an about 
65 nm thick highly doped Si layer ( 5 ~ l O ’ ~ c m - ~  boron), 
a TEM cross-section is presented in fig.4. SIMS depth 
profiles for As and B in this base structure are shown in 
fig.5, giving a resulting base width of about 50 nm. 
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Figure 2: SIMS depth profiles of B, As and Ge, measured 
on a large-area SEG Si/SiGe-base transistor. Note that the 
detection limit of As is about 1 ~ 1 0 ” c m - ~ ,  due to  the high 
As concentration in the emitter-polysilicon. 

Figure 3: TEM cross-section of the emitter-base structure of 
a transistor with a SEG base consisting effectively of about 
70 nm SiGe (darker contrast) and 50 nm Si (light). 

The SIMS results presented in figs.2,5 show that we are 
able to  grow the desired box-like base doping profiles. 
The cross-sections in figs.3,4 show that a well-defined 
base layer is deposited, with proper contacts to the p+- 
polysilicon overhangs. However, close comparison of the 
various layer thicknesses in the cross-sections and the 
SIMS results indicate the SEG to be geometry-dependent, 
as was previously found in other studies [ 5 ] .  This effect 
will be part of further optimization studies. 

B. Electrical properties 

A typical Gummel plot for the Si/SiGe base devices, 
demonstrating ideal I ,  and Ib characteristics, is shown in 
fig.6. The inset in this figure shows the output character- 
istics, demonstrating that the DC-current gain h f ,  - 100 
is combined with an Early voltage V E ~ ~  N 70 - 100 V. 
The high product VE,f x h f ,  is expected for SiGe het- 
erojunction devices with no parasitic potential barriers in 
the conduction band [6]. As shown in fig.7, the shallow 
box-like doping profile in our transistors allows to com- 
bine these parameters with a high cut-off frequency fT 
a.bove 45 GHz. Due to the low base resistance and base- 
collector capacitance, the maximum oscillation frequency 

Figure 4: TEM cross-section of the emitter-base structure of 
a transistor with a 65 nm thick SEG Si-base. 
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Figure 5:  SIMS depth profiles of B and As, as measured on a 
large area SEG Si-base transistor. The detection limit of As is 
about 3 ~ 1 0 ~ ' c m - ~ ,  due to  the high level in the emitter-poly. 

Si Si/SiGe 
0.4 x 1.4 

100 20 
70-100 20 

4.6 5.1 
9.1 8.9 
10.8 22.5 
3.2 3.4 
11 9.5 
3.5 4.0 

14.1 16.9 
32.8 23.7 

0.4 x 1.4 

0.4 x 9.4 0.4 x 9.4 

Table 1: Parameters of two-base-contact SEG-base devices. 

f m a z  of our devices is similar to f~ (see fig.8). Due to 
the absence of heterojunctions, the product V E ~ ~  x h f ,  
is significantly lower for the SEG-Si base devices. f~ 
and f m a z ,  however, are similar (>40 GHz). The device 
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Figure 6:  Gummel plot, taken at  VCB=O, and output char- 
acteristics for a SilSiGe base device, with A ~ = 0 . 4  x 1.4 pm2. 
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Figure 7: Cut-off frequency f~ vs. collector current IC ,  for a 
SEG Si/SiGe-base transistor with effective emitter dimensions 
of 0 . 4 ~ 9 . 4  pm2,  at three Vcs-values. 

parameters for both the SEG-Si and the Si/SiGe mul- 
tilayer base devices are summarized in table l. Capacit- 
ance values are shown both for A ~ = 0 . 4  x 1.4 pm2 and for 
A ~ = 0 . 4  x 9.4 pm2, demonstrating that for the smallest 
AE they are still dominated by perimeter contributions. 

Ring oscillators 

Using devices with 0 . 6 ~ 1 0  pm2 printed emitter dimen- 
sions ECL-ring oscillators have been fabricated. The 
measured delays, for both the SEG-Si and the SEG- 
Si/SiGe device, are shown as a function of the current 
and compared to implanted-base devices [3] in fig.9. A 
strong improvement is achieved by both types of devices 
studied here: a minimum of 14.9 ps is found for the SEG 
Si-base transistors, and an even lower value of 13.7 ps for 
the SEG Si/SiGe-base devices. Both results beat the low- 
est value reported up to now (15 ps), which was obtained 
using SO1 substrates, deep trenches and rapid vapour- 
phase doping [7]. The reduction of gate delays, as com- 
pared with our implanted-base technology, is achieved at 
the same bias current (about 8 millstage). Thus, an 18 ps 
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Figure 8: Maximum oscillation frequency fmaz vs collector 
current I C ,  for a SEG Si/SiGe-base transistor with effective 
emitter dimensions of 0.4x9.4 pm2, a t  three Vcs-values. 
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proves the 11.7 GHz reported for the implanted-base 
double poly devices [3], and is the highest value repor- 
ted up to  now, for this type of circuit. These results 
show that our SEG-base technology is very attractive for 
high-bitrate optical-fibre communications. 
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Figure 9: ECL-gate delay vs. current/stage, at a voltage 
swing of 200 mV (fan-in=fan-out=lj, for ring oscillators 
employing transistors with printed emitter dimensions of 
0 . 6 ~ 1 0  pm2, for both types of SEG-base devices and our 
30 GHz-fpimplanted-base transistors [3]. 

gate-delay can be obtained in our SEG-base devices at a 
current value which is a t  1east.a factor of 2 lower than 
in the implanted-base devices. This low-power capability 
results from the focus on minimizing RB and CCB, rather 
than on maximizing fr. 
Broad- band amplif iers 

In order to demonstrate the succesfull integration of the 
SEG-base double-poly transistor into high-frequency cir- 
cuits, our devices were also used to  fabricate circuits for 
>15Gbit/s optical communication systems. As an ex- 
ample we show results for a DC-coupled broad-band amp- 
lifier (BBA), which was already extensively described pre- 
viously [3]. Fig.10 shows the gain vs. frequency char- 
acteristic, as 
devices. The 
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Figure 10: Gain vs. frequency, for a DC-coupled wide-band 
amplifier, fabricated using SEG Si-base technology. 

Conclusions 

We have developed a high-performance selective- 
epitaxial-base double-poly transistor technology. Good 
device properties are obtained, with fT and f,,,-values 
up to 45 GHz, for both the SEG Si-base and the 
SEG Si/SiGe-base devices, combined with low RB-values 
(7 kG/D for the former), and a very large V E , ~  x h f ,  
product upto lo4 for the latter. ECL-gate delays down 
to 13.7 ps have been achieved, as well as analog band- 
widths over 13 GHz, obtained in DC-coupled broad-band 
amplifiers, which demonstrate the suitability of this tech- 
nology for low-power wide-band communication systems. 

As SEG in this study is performed on a production epi- 
taxy tool at 7OO0C, the presented epitaxial-base transistor 
can easily be combined with current manufacturing tech- 
nology. 
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