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Abstract

In this research, the impacts and corresponding physical origins on the DC and RF
characteristics of modern silicon germanium hetero-junction bipolar transistor related
to the collector processes and doping profile have been studied.

First, a new and efficient transit time estimation approach has been developed and
identified. By using this approach, the components which consisted the transit time of
the transistor and could be difficultly decoupled in the simulation way could be
obtained based on the doping profiles of the device. Such approach did great help

during the device development steps because of its simple, fairly accurate and



efficient. Besides, the device designer could optimize the doping profile according to

pre-estimation of the transit time components for improving the capability of the

devices. Furthermore, after analyzing, it was discovered that the collector doping

profile could be more important as the vertical dimension of the device continuously

shrinking.

Second, the physics associated with the modulation behavior of the current flux

distribution in the pinch base region has been studied. It was found that Such current

distribution modulation was directly related to the doping concentration level in the

collector region. Besides, it was also found that such behavior could also alter the bias

dependency of the base resistanceirg-lc. Furthermore; such altered rg-1c behavior has

also been proven in this research that*it should attribute to the inconsistence of the

current density levels on which the peak cutoff frequency and maximum oscillation

frequency took place.

Third, the associated physical origins and impacts from the deep trench process on

the DC and RF characteristics of the SiGe HBT was investigated. For identifying the

physical mechanism, several work have been done including the process simulation

and practical measurement. It was proven that the key indexes of the HBT devices for

circuit design including the RF noise characteristics and two-tone performance could

be impacted. Such impact could be suppressed by increasing the collector doping



level.

Furthermore, a new-developed technology for improving the electric and physical
performance of low-K material by NH;z; plasma pre-treatment has been reported.
Finally, the DC and RF characteristics of the junction varactor respective to the
geometry effect have been described which could be very valuable for the circuit

designers in signal generation networks.
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Table Captions

Chapter 2
Table 2.1.1 The list of the transit time and the corresponding compositions of the SiGe
HBT with 1 x 0.2 x 10um? area under Vgc 1 volt and Ic about 12 mA.

Chapter 3

Table 3.1. Devices name-list mapping with the corresponding doping profiles and
geometries.

Table 3.2 Emitter resistance of SiGe HBT devices in various geometry

Table 3.3 (a) Parameters involved in estimating frnax meas illustrating in Fig. 6 (a)

Table 3.3 (b) Parameters involved in estimating fmax_meas illustrating in Fig. 6 (b)

Table 3.3 (c) Parameters involved in estimating frnax meas illustrating in Fig. 6 (c)



Figure Captions

Chapter 2

Figure 2.0.1 The high frequency small signal model of SiGe HBT.

Figure 2.0.2 The schematic cross-section of view of SiGe HBT with deep trench isolation
structure.

Figure 2.0.3 Schematic illustration of the traditional approaches to extract forward transit
time by the bias current dependent relationship of the inverse of the cutoff
frequency.

Figure 2.0.4 Process flow of SiGe HBT fabricated by the BICMOS technology.

Figure 2.0.5 (a) Schematic illustration of the doping profile of a bipolar transistor.

Figure 2.0.5 (b) Minority carrier distribution and the associated field distribution for transit
time estimation.

Figure 2.1.1 (a) Output characteristics of a SiGe HBT with 1 x 0.2 x 10 um’ area.

Figure 2.1.1 (b) Gummel Plot of a SiGe HBT with 1 x 0.2 x 10 um’ area. And the current
gain {3 is about 100.

Figure 2.1.2 (a) Input reflection coefficient.Su _and output reflection coefficient Sz of a
SiGe HBT with 1 x 0.2 x 10 pm*area.under Vec 1 volt and Vee from 0.75 to
1.4 Volt.

Figure 2.1.2 (b) Small signal current gain-hzof-aSiGe HBT with 1 x 0.2 x 10 pm® area
under Vec 1 volt and Ic‘about 12 mA..The extracted cutoff frequency is about
120 GHz.

Figure 2.1.3 (a) Bias dependency of fr of a SiGe HBT with 1 x 0.4 x 10 um” area under
Vec 1 volt. The peak value of fr takes place near Ic = 10 mA and the
corresponding current density is denoted as Jx.

Figure 2.1.3 (b) Measurement results of 1/fr vs. 1/Ic of a SiGe HBT with 1 x 0.2 x 10, 2 x
0.2 x 10 and 4 x 0.2 x 10 um’ area under Vec 1 volt. The intersect value are
1.28, 1.42 and 1.68 ps, respectively.

Figure 2.2.1 The measured 1/fr-1/Ic relationships of H-group SiGe HBT in 1 x 0.2 x 10
and 2 x 0.9 x 10 pm® with collector epitaxy thickness of 0.5 um under Vac 1
volt. The inserted figure is the corresponding fr-Jc plot

Figure 2.2.2 The schematic cross-section of H-group SiGe HBT device in (a) wider and (b)
narrower emitter along with the current flux in the collector region. Jc and Jc
were denoted as the current density on the base-collector junction edges of the
base and collector sides, respectively

Figure 2.3.1 The measured 1/fr-1/Ic relationships of (a) H-group and (b) L-group SiGe
HBT devices in fixed 4 x 0.2 x 10 um?, and collector epitaxy thickness of 0.5



and 1 um under Vac 1 volt. The inserted figure is the corresponding fr-Jc plot

Figure 2.3.2 The schematic cross-section of L-group SiGe HBT device with (a) thinner and
(b) thicker epitaxy collector along with the current flux in the collector region.
Jeand Je  were denoted as the current density on the base-collector junction
edges of the base and collector sides, respectively

Figure 2.3.3 The measured fr-Jc relationships of H and L-group SiGe HBT devices in 1 x
0.2 x 10 and 1 x 0.9 x 10 um* with collector epitaxy thickness of 0.5 pm
under Vec 1 volt.

Figure 2.3.4 (a) The schematic cross-section of H-group SiGe HBT devices with (a) higher
and (b) lower collector doping level along with the current flux in the collector
region. Jec and Jc  were denoted as the current density on the base-collector
junction edges of the base and collector sides, respectively

Chapter 3

Figure 3.1 (a) Cross-section of 4-emitter SiGe HBT devices with SIC layer

Figure 3.1 (b) Top view of4-emitter SiGe HBT.

Figure 3.1 (c) Schematic vertical doping:profiles of SiGe HBT devices with the
emitter, base and SIC:layer doping concentrations of Ng, Ng and Ngc,
respectively.

Figure 3.2 High frequency small signal model of SiGe HBT for fr and fwx derivations.

Figure 3.3 (a) Base resistance rg-versus-collector current density for HBT devices with
fixed emitter lengths Lgyet various emitter widths WEe.

Figure 3.3 (b) Base resistance rg versus ‘collector current density for HBT devices
with fixed emitter widths We yet various emitter lengths Lg and emitter
strips Ne.

Figure 3.3 (c) Base resistance rg versus collector current density for HBT devices with
various doping profiles.

Figure 3.4 Schematic illustration of current flux distribution on relative low, moderate
high and high biasing current conditions in the intrinsic base region of
group (a) M and (b) H group devices.

Figure 3.4 (c) MEDICI simulation results of current density distribution profiles along
the lateral direction x on the emitter-base junction edge and in the middle
of poly-emitter structure under the current densities 10°, 10, 3x10” and
102 A/lum?. The location x = O were the emitter center.

Figure 3.4 (d) MEDICI simulation results of current density distribution profiles along
the vertical direction y on the location of x = 0.13 um under the current
densities 10, 107, 3x10° and 10 A/um® The location x = 0 were the
emitter center.



Figure 3.4 (e) Schematic cross-section of base-emitter junction with current flux
distribution from emitter to base under relative low voltage (e) Vg1 and (f)
Vee2.

Figure 3.4 (g) Status illustrations of the diodes in figure 4 (e) and (f) under various
bias conditions.

Figure 3.4 (h) llustrations of the vertical current distribution in base-emitter region
under Vggr and Vgeo.

Figure 3.5 (a) Current dependency of cutoff frequency fr and corresponding
maximum oscillation frequency fmax of HBT devices with fixed emitter
widths in 0.2 um and lengths in 10.16 pm yet various emitter numbers.

Figure 3.5 (b) Current dependency of cutoff frequency fy and corresponding
maximum oscillation frequency fmax of HBT devices with fixed emitter
lengths yet various emitter widths.

Figure 3.5 (c) Current dependency of cutoff frequency fr and corresponding
maximum oscillation frequency fmax of HBT devices with fixed emitter
lengths and widths yet various doping profiles.

Figure 3.6 Current dependency of measured «cutoff frequency frmes and extracted base
resistance rs along with measured and estimated maximum oscillation
frequency fracmes and fma ca OF devices (@) H-113 (b) M_115 (c) L_111

Chapter 4

Figure 4.0.1 Schematic base-collector junction of SiGe HBT with the doping profile and
the carrier fluxes under (a) low and (b) high current injection regime.

Figure 4.1.1 Measured result of the cutoff frequency and maximum oscillation frequency
of DT and NDT SiGe HBT devices of H, M and L-groups in 2 x 0.2 x 10 um’
versus collector current density under Vec 1 volt.

Figure 4.1.2 Measured result of the base-collector capacitance and breakdown voltage of
DT and NDT SiGe HBT devices of H, M and L-groups in 2 x 0.2 x 10 pm’
versus collector current density under Vec 1 volt.

Figure 4.1.3 T-SUPREM 4 simulation results of the doping concentration profiles of As, P
and total n-type carriers of DT and NDT devices in D and H groups. The
original position 0 um was the BC junction edge on the collector side. The
inserted figure illustrated the enlarged version between x = 0 and 0.2 pum.

Figure 4.2.1 The frequency dependency of the minimum noise figure and associated gain
of DT and NDT SiGe HBT devices of H and L-groups in 2 x 0.2 x 10 um’
under Ve (a) 0.85 and (b) 0.9 volt and Vec 1 volt.

Figure 4.2.1 The bias dependency of the minimum noise figure and associated gain of DT
and NDT SiGe HBT devices of H and L-groups in 2 x 0.2 x 10 um’ versus



collector current under Vec 1 volt at (c) 2.4 and (d) 5.8 GHz

Figure 4.2.2 The frequency dependency of the magnitude and angle of the optimum source
matching point I'ex 0f DT and NDT SiGe HBT devices of H and L-groups in 2
x 0.2 x 10 pm’ under Vee (a) 0.85 and (b) 0.9 volt and Ve 1 volt.

Figure 4.2.2 The bias dependency of the magnitude (Upper) and angle (Lower) of the
optimum source matching point I',x of DT and NDT SiGe HBT devices of H
and L-groups in 2 x 0.2 x 10 um® versus collector current under Vec 1 volt at
(c) 2.4 and (d) 5.8 GHz

Figure 4.2.3 The frequency dependency of the optimum source matching point s and
output reflection coefficient Sz of DT and NDT SiGe HBT devices of H and
L-groups in 2 x 0.2 x 10 um* under Vee (a) 0.85 and (b) 0.9 volt and Vsc 1
volt.

Figure 4.2.3 The frequency dependency of the forward transmission coefficient Sz and
input reflection coefficient Si: of DT and NDT SiGe HBT devices of H and
L-groups in 2 x 0.2 x 10 um* under Vee (c) 0.85 and (d) 0.9 volt and Vsc 1
volt.

Figure 4.3.1 The bias dependency of the.two-tone third order intersect point (TOI) of DT
and NDT SiGe HBT devices of H.and L=groups in 2 x 0.2 x 10 um’ versus
collector current under Vac 1 volt'at(a) 2.4 and (b) 5.8 GHz. The adjacent
channel offset is 1 MHz.

Figure 4.3.2 The input power dependencyrofithe power gain (Gr) and power added
efficiency (PAE) of DT and:-NDT SiGe HBT devices of H and L-groups in 2 x
0.2 x 10 um’ under (a) Vee 0.85 and Vec 1 volt at 2.4 GHz (b) Ve 0.85 and Vec
1 volt at 5.8 GHz (c) Ve 0.9 and Vec 1 volt at 2.4 GHz (d) Vee 0.9 and Vec 1
volt at 5.8 GHz.

Chapter 5

Figure 5.1.1 FTIR spectra of the different pre-treated X-720 films after O, plasma
treatment (ashing) for 10 min.

Figure 5.1.2 The thickness and the dielectric constant variation of the different
pre-treated X-720 films after O, plasma treatment (ashing) for 10 min..

Figure 5.1.3 XPS spectra of the X-720 film before and after NH; plasma
pre-treatment.

Figure 5.1.4 Cy5 XPS spectra of the different pre-treated X-720 films (a) before and (b)
after O, plasma treatment (ashing) for 10 min.

Figure 5.1.5 The SEM pictures of (a) as-cured, (b) as-cured sample after O, plasma
treatment (ashing) for 10 min, (c) NH3; plasma pre-treated sample after
O, plasma treatment (ashing) for 10 min.



Figure 5.1.6 Comparing the leakage current density of the different pre-treated X-720
samples before and after O, plasma treatment (ashing) for 10 min.

Figure 5.1.7 The leakage current density of (a) as-cured and (b) NHj; plasma
pre-treated X-720 samples after annealing at 350 and 400 for 1
hour.

Figure 5.1.8 Weibull plot of electrical breakdown field (Eeo) distributions for as-cured and
NH: plasma pre-treated X-720 films as the capacitor dielectric layers after
different thermal treatment conditions.



