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Figure 2.15: Base delay time as a function of Ge grading for transistor set #2
(Wep = 0.38 pm, X, =0.02 pm, X = 30 nm).
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Figure 2.16: Total delay time (without non-quasi-static correction) as a function of
Ge grading for transistor set #2 (W, = 0.38 pm, X, = 0.02 ym, X}, = 30 nm).
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Figure 2.17: Effective total delay time (with non-quasi-static correction) as a func-
tion of Ge grading for transistor set #2 (W,, = 0.38 um, X¢n = 0.02 pm, X = 30
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Transistor W, Xem Xs 6 Npo R,
[pm] [pm] [nm] [em=3]  [&Q/O]

3a 0.25 0.15 30 -1 1.8 x10Y 2.0

3b 0.25 0.15 30 0.2 5x10¥° 2.16

3c 0.25 0.15 30 0.5 5x10'° 2.02

3d 0.25 0.15 30 0.8 5 x 10 1.89

Table 2.4: Profile details of transistor set #3 (‘indicates a uniform base profile).

techniques, etc. will be required, which are beyond the scope of this study.

What if the emitter thickness is large so that 7. becomes dominant ? To answer
this question, another new set of transistors (see Table 2.4) is considered. In tran-
sistor set #3, although the toial emitter widths remain unchanged from those in
sets #1 and #2, the thickness of the mono-Si emitter (i.e. emitter junction depth)
is larger than those in #1 and #2 by 0.13 gm. This will increase 7. (see Fig. 2.18)
when compared with sets #1 and #2 and it is more effective to increase 7. through
the mono-Si thickness than the poly-Si thickness (for example, compare Fig. 2.4
and Fig. 2.5). It should be noted that since the same base structures are used
in set #2 and #3, the base transit times are identical for transistors in both sets.
The comparison of Fig. 2.15 with Fig. 2.18 shows that for Ge gradings higher than
-5 x 10%*/cm, 7. can be even higher than 7. Fig. 2.19 and Fig. 2.20 plot the total
delay time and the effective total delay time, respectively, for set #3.

In Fig. 2.19, the minimum 7; point for the uniform base profile and the ret-
rograde base profile (8§ = 0.5) is at a Ge grading of 0.9 x 10* and 4.4 x 10*/cm,
respectively. The factor v is 2% for the uniform base profile and 11% for the ret-
rograde base profile (§ = 0.5). These numbers, calculated without the non-quasi-
static correction, are much smaller than those observed in sets #1 and #2. More

surprisingly, for the retrograde base profile with (§ = 0.2), the minimum 7, is actu-
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Figure 2.18: Emitter delay time vs. Ge grading for tramsistor set #3 (W,, =
0.25 pm, X, = 0.15 pm, X, = 30 nm).
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Figure 2.19: Total delay time (without non-quasi-static correction) as a function of
Ge grading for transistor set #3 (Wep = 0.25 pm, Xem = 0.15 pm, X = 30 nm).
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Figure 2.20: Effective total delay time (with non-quasi-static correction) as a func-
tion of Ge grading for transistor set #3 (Wep = 0.25 um, X, = 0.15 pgm, X = 30
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ally achieved by a negative Ge grading. However, after non-quasi-static effects are
taken into account (Fig. 2.20), the minimum 7, points for all devices are pushed to-
wards positive Ge gradings. The factor 4 becomes 19% for the uniform base profile
and 32% for the retrograde base profile (f = 0.5). These numbers are also smaller
than their counterparts in sets #1 and #2, implying a smaller advantage for using
a graded Ge profile over the box profile than in those two sets. Also, these numbers
are around 17-21% higher than the 4’s calculated without non-quasi-correction. In
other words, the non-quasi-static effects in this case are more significant than in
set #1 but less significant than in set #2. This suggests that the significance of
non-quasi-static effects on the final estimate of 7, depends, not only on the relative
magnitudes of 7. and 7, (as shown by comparing sets #1 and #2), but also on the
emitter charge-partitioning factor. The emitter charge partitioning factors «. vary
from 0.51 to 0.6 in set #2 and are around 0.93 in set #3. This explains why the
non-quasi-static effects in set #3 are smaller by around 20% than in set #2 despite
the larger 7. achieved by transistors in set #3.

So far it has been observed that the graded Ge profile leverage factor v tends
to decrease when the magnitude of 7, increases. To further explore this trend, 7. is
increased by using a higher base doping such that the current gain drops. In Table
2.5, transistors are designed with the peak base concentrations two times higher
than those in the previous sets. This brings down the base sheet resistance closer to
those of transistors with a base width of 100 nm (i.e., set #1). However, it should
be noted that for transistor #4a, with a uniform base profile, the depletion layer
of the emitter-base junction on the emitter side is larger than 20 nm. It does not
pose problems in this particular case (as the emitter junction depth is 0.15 pm),
but it will not work for transistors with both small emitter junction depths (e.g.

sets #1 and 2) and uniformly doped bases. Although not shown, the base transit
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Transistor W Xem Xp 8 N, Ry
[pm] [pm] [om] [em™3]  [£Q/O]

4a, 0.25 0.15 30 -t 3.5 x 10%° 1.11

4b 0.25 0.15 30 0.2 1020 1.19

4c 0.25 0.15 30 0.5 1020 1.12

44 0.25 0.15 30 0.8 1020 1.06

Table 2.5: Profile details of transistor set #4 (lindicates a uniform base profile).

times are in the same order of magnitude as those in sets #2 and #3. The effective
total delay time with non-quasi-static correction is plotted in Fig. 2.21. It shows
higher total effective delay times than those in Fig. 2.20 because the emitter delay
times are higher, as expected. The factor v is 13 % for the uniform base profile
and 28 % for the retrograde base profile (§ = 0.5). These values are the lowest
compared with those in sets #1-3, implying that the advantage of the graded Ge
profile over the box Ge profile is the smallest with set #4. This confirms the
previously observed trend that the a graded Ge profile with positive Ge gradings
have less advantage as 7. continues to rise. Furthermore, for the retrograde base
profile with 8 = 0.2 (transistor #4b), the effective total delay time is minimum
when a negative Ge grading of -1.73 x 10*/cm is applied across the neutral base.
However, the corresponding 7, achieved at this Ge grading is practically the same
as that at zero Ge gradient (i.e. a box Ge profile).

To make tile study complete, transistors with very large emitter junction depth
(Xem = 0.3um, W,, = 0.1um) and transistors with base width of 50 nm (somewhere
between the base widths of transistors studied above) are investigated along with
the transistors in set #1-3. Fig. 2.22-2.25 summarize all the results by plotting
the graded profile leverage factor (calculated with non-quasi-static correction) as

a function of the metallurgical base width and the emitter depth for four different
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Figure 2.21: Effective total delay time (with non-quasi-static correction) as a func-
tion of Ge grading for transistor set #4 (Wep = 0.25 pm, Xem = 0.15 pm, Xp = 30
nm, Ny =102cm™3).
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shapes of base doping profile.

Fig. 2.22 is plotted for transistors with uniformly doped bases. It should be
noted that a recombination velocity, at the collector-base junction, of 107 cm/s
instead of an infinite recombination velocity (which is assumed earlier for studying
the same uniformly doped base profiles) is used. Fig. 2.23 shows results for the
retrograde base profiles with 8 = 0.2. In this particular case, additional data points
obtained from transistors with extra base doping (which can indirectly increase .
as discussed earlier) are included in order to see more clearly the point where the
leverage of the graded Ge profile over the box profile diminishes. As shown in the
figure, for X; = 30 nm, when the emitter junction depth (or the mono-Si emitter
thickness) increases further (between 0.15 and 0.3 pum in this case), either a box Ge
profile or a graded profile with a negative Ge grading is preferred over the graded
Ge profile with a positive grading. In fact, the data point for X . = 0.15 um
was taken from Fig. 2.21. What is new is that it shows a continuous drop in the
leverage factor as X, increases further to 0.3 um. Furthermore, when comparing
Fig. 2.23-2.25 together, one can see that the factor v tends to decrease as the base
doping profile is tilted towards the emitter-base junction (i.e. a smaller #). This is
true for transistors of all three sizes of base width X = 30,50, 100 nm and emitter

junction depths (0.02, 0.15, 0.3 pm).

2.5 Conclusions

By keeping the Ge dose constant as the Ge grading is varied to include the box
Ge profile and graded Ge profiles with both positive and negative gradings, the
emitter and base delay times, for SiGe HBTs of different base profile shapes, base

concentrations, base widths, and emitter junction depths, have been studied with
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Figure 2.22: Graded Ge profile leverage factor vs. emitter junction depth for
uniformly-doped base profiles (Circles: X = 30 nm, Npo = 1.8 x 10°cm™3; squares:
X, = 50 nm, Ny, = 1.8 x 10°cm ~3; triangles: X = 100 nm, Np = 7.5 x 108cm 3,
total emitter width = 0.4 um, S =107cm/s).



CHAPTER 2. GE PROFILE OPTIMIZATION 101

60 T T Y T Y T
N S—OX, =30 nm, N, =10 cm™
. G—OX,=30nm,N,_=5x10"cm™
\\ E--JX,=50nm
40 + ‘N Ae--AX, =100 nm |

Retrograde base
8=02

-
—
-~
-
- —
-
—
—

Graded Ge profile leverage factor, 1y [%]
n
(&)

0.0 0.1 0.2 0.3
Emitter junction depth, X, [pm]

Figure 2.23: Graded Ge profile leverage factor vs. emitter junction depth for retro-
grade base profile with 8 = 0.2 (Diamonds: X; = 30 nm, N, = 10%°cm™3; circles: Xp
= 30 nm, Ny = 5 x 10°cm™3; squares: X, = 50 nm, N, = 5 x 10%cm™3; triangles:
Xy = 100 nm, Ny, = 2 x 10%cm™3, total emitter width = 0.4 gm, S =107cm/s).
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Figure 2.24: Graded Ge profile leverage factor vs. emitter junction depth for retro-
grade base profile with § = 0.5 (Circles: X = 30 nm, Ny, = 5 x 10%cm™3; squares:
X, = 50 nm, N = 5 x 10%cm3; triangles: X, = 100 nm, Ny = 2 x 10¥%cm 3,
total emitter width = 0.4 gm, § =107cm/s).
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Figure 2.25: Graded Ge profile leverage factor vs. emitter junction depth for retro-
grade base profile with § = 0.8 (Circles: X; = 30 nm, N, = 5 x 10%cm™3; squares:
Xy = 50 nm, Ny, = 5 x 10°%cm~3; triangles: X = 100 nm, N = 2 x 10¥%cm™3,
total emitter width = 0.4 um, S =107cm/s).
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non-quasi-static effects taken into account. Considering the total emitter and base

delay times, the following trends are observed:

i) The advantage of the graded Ge profile with a positive Ge grading for min-
imizing 7; varies considerably with the detailed shape of the base doping

profile.

ii) The advantage of the graded Ge profile with a positive Ge grading for mini-

mizing 7; is reduced when the emitter junction depth increases.

In particular, the advantage of the graded Ge profile with a positive Ge grading is
considerably reduced in the case of a retrograde base doping profile tilted toward
the base-emitter junction (e.g. 6 = 0.2). The graded Ge leverage factors v for
retrograde doping profiles with 6 = 0.2 and with § = 0.8 differ by around 20-50%,
dependent on the emitter and base dimensions.

However, for retrograde doping profiles (§ = 0.5 or 0.8) and the uniform doping
profile studied here, the Ge graded profile with a positive Ge grading is still pre-
ferred, as a reduction in the effective total delay time by at least 25%, with respect
to a Ge box profile, can be achieved, for transistors with emitter depth smaller
than 0.3 um and metallurgical base width larger than 30 nm. In particular, for
transistors with an emitter depth of 20 nm and metallurgical base width of 30 nm
(8 = 0.5), a reduction of around 50% is obtained, with respect to a box Ge profile,
when a Ge profile graded from 0 near the emitter to 0.2 near the collector is used.
Even when the emitter depth is increased to 150 nm, a reduction of 30% can be
still obtained with a Ge profile graded from 0.06 near the emitter to 0.14 near the
collector.

For transistors with a retrograde doping profile tilted toward the emitter-base

junction (i.e., 8 = 0.2), a peak doping of 102%cm™3, and a base sheet resistance of
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around 1 k€2/0, a box or a graded Ge profile with a small negative Ge grading is
more effective than the graded Ge profile with a positive Ge grading if the met-
allurgical base width is 30 nm or smaller and the emitter junction depth is larger
than 0.15 ym. In theory, this might be possible in future generations of SiGe HBT's
as the base width continues to shrink such that the base concentration has to be
increased to keep the the base sheet resistance at a reasonable level. In this case,
the mono-Si emitter thickness (or the emitter junction depth) must be large enough
to accommodate a wider depletion layer that extends into the emitter. However, for
today’s SiGe HBTs with typical dimensions, i.e., X3 > 30 nm and X.m < 0.15 pm,
as far as 7. and 7 are concerned, the advantage of a positively graded Ge profile

remains.



Chapter 3

Analytical expressions of base
delay time for retrograde doping

profiles

3.1 Introduction

Advances in epitaxial growth techniques in the past two decades have allowed in-
tegration of device-quality SiGe films as base layers into bipolar devices. This has
led to the emergence of SiGe HBTs. One of the important figures of merit for SiGe
HBTs is the transition frequency, fr. As discussed in Chapter 1, the base transit
(or delay) time is one of the significant delay times contributing to the fr of a bipo-
lar transistor. Thus, developing an accurate analytical model for the base transit
time is useful. An analytical expression is preferred to a numerical approach since
it reveals explicit dependencies of the base transit time on different parameters and

provides valuable engineering insights for device design and optimization.

106
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The use of the analytical expression allows us to evaluate the impact of the
retrograde portion of a retrograde base doping profile on 7,. The importance of
the retrograde base profile lies in its ability to reduce the capacitance and the
tunneling leakage current of the emitter-base junction of a SiGe HBT. As high base
doping, i.e., small intrinsic base resistance, is often used to improve the maximum
oscillation frequency of SiGe HBTs, the issues of high emitter-base capacitance
and tunneling leakage current become more important. As shown in Chapter 2, the
graded Ge profile is more effective than the box Ge profile in minimizing the emitter
and base delay time contribution to the transition frequency. This result holds for
transistors with base widths larger than 30 nm and emitter junction depths smaller
than 150 nm. Therefore, we assume a graded Ge profile in our derivation of the
7, analytical expression, even though the derivation in the case of a box Ge profile
is more straightforward. A brief survey of pertinent works on deriving analytical
expressions for 7, follows.

Since the works of Moll and Ross [168] and Lindmayer and Wrigley [169] in
the 1960’s, different models and analytical expressions of 7, have been derived for
bipolar transistors. Kroemer [135] in 1985 generalized Moll and Ross’ integral ex-
pression to account for the impact of the non-uniform energy bandgap caused by
the composition variation in a uniformly-doped base of a HBT. Szeto and Reif [170]
considered the effect of the non-uniform bandgap narrowing caused by heavy doping
effects on 73 in an exponentially-doped base. Suzuki [171] proposed a more accurate
7, model by taking into account the electric field due to the base doping profile,
heavy doping effects, and the electric-field and concentration dependencies of the
carrier diffusivity. Later, Suzuki and Nakayama {134] also considered the effect of
velocity saturation at the collector-base junction. Then, Lu and Kuo {172] de-

rived an analytical 7, expression for an exponentially-doped retrograde base, taking
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into account the effects of heavy doping and doping-dependent diffusivity. Jahan
and Anwar [173] presented an analytical 7, expression for an exponentially-doped
base, which considers these two effects together with the velocity saturation at the
collector-base junction. However, it was later pointed out by Rinaldi [174] that
Jahan and Anwar’s results were inaccurate because the effective doping concentra-
tion, instead of just the doping concentration, was used to calculate the low-field
electron mobility.

For SiGe HBTs, Gao and Morkoc [175] presented a set of analytical expressions
for an exponentially-doped retrograde base profile (see Fig. 3.1), which reduces the
junction capacitance and the tunneling current at the emitter-base junction. How-
ever, their expressions were incorrect since Kroemer’s integral relation for 7, (equa-
tion (12) in [135]) was improperly applied to the three subregions of the neutral base.
They also neglected important effects like electric-field-dependent diffusivity, heavy
doping effects, etc. Chen et al. [85] included heavy doping effects alongside the ef-
fect of the non-uniform bandgap narrowing due to the Ge gradient in the base, and
presented an analytical 7, expression for an exponentially-doped base. In addition
to these effects, Lu et al. [L14] considered the effect of doping-dependent diffusivity
in deriving a closed-form analytical 7, expression for an exponentially-doped ret-
rograde base. Recently, Rinaldi [174] reported a closed-form analytical expression
of 7, for an exponentially-doped base with all effects, including the electric-field-
dependent diffusivity and the velocity saturation at the collection-base junction,
taken into account. However, thus far, no correct analytical 7, expression, which
considers all the effects mentioned above, for each subregion of an exponentially-
doped retrograde base has been reported.

This chapter proposes a regional model and derives a set of closed-form analyt-

ical 7, expressions for the subregions in the same base profile considered by Gao
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Figure 3.1: Doping profile for an exponentially-doped retrograde base.
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and Morkoc {175], i.e., an exponentially-doped retrograde SiGe base (see Fig. 3.1).
Our derivation considers the following effects: (1) the built-in electric field caused
by the non-uniform base doping profile, (2) the electric field due to the non-uniform
apparent bandgap narrowing associated with heavy doping effects in the base, (3)
the electric field induced by the non-uniform bandgap narrowing due to the Ge
concentration gradient in the base, (4) the doping dependency of the electron dif-
fusivity, (5) the electric-field dependency of the electron diffusivity, and (6) the
velocity saturation at the collector-base junction. To simplify the derivation, we
only consider low-level injection and neglect the neutral base recombination! and
the effects of ballistic transport and velocity overshoot. We assume that material
parameters (except the bandgap energy) for Si and those for SiGe are identical and
that the transistors operate at 300 K. The work in this chapter has been published
in [89].

Section 3.2 derives the 7, expressions for a regional model. Results calculated
from the regional model are presented in Section 3.3 for assessing the relative im-
portance of each of these effects and also the impact of the retrograde portion of the
base doping profile on 7. Section 3.4 verifies the results by numerical integration

and compares them with published results in the literature. Conclusions are drawn

in Section 3.5

1Please see Chapter 2 for the justification of this assumption.
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3.2 Regional model

3.2.1 Base profile approximation
Using the same definitions as in [175], we approximate and divide the base profile
of a n-p-n SiGe HBT into three subregions (Fig. 3.1) as follows:

;

N, eh= 0 <z < z; (Region I),

Np(z)= (N, z1 < z < z2 (Region II),
(3.1)

N, e~82(#-72) 7, < 7z < W} (Region III)

N, N,
b]_ =lIn (Ei-) /1‘1, bz =In (R}i) /(Wb — :L‘g)

where N,, N,, Ny, z1, T2, and W, are indicated in Fig. 3.1.

3.2.2 Apparent bandgap narrowing due to heavy doping
effects

As in [114,170,172,173], we approximate Klaassen et al’s [132] expression of ap-

parent bandgap narrowing due to heavy doping effects as:

AE, gp(z) ~ 2V, In [va("‘)} for Ng(z) > N, (3.2)
2

where V,, = 6.92 meV and N, = 1.3 x10'"cm™3. Thus, the effective intrinsic carrier
concentration becomes:

n2(z) = n? (z)e>Born@/kT

2Vgo/kT (3.3)
= i) (222)
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where n;, iIs the intrinsic carrier concentration in Si.

3.2.3 Bandgap narrowing due to Ge concentration gradient

According to People and Bean [70], the bandgap narrowing AE,ge in a coher-
ently strained Si,_,Ge, on <100> Si is related to the Ge fraction, y, as AE;g. =
0.74 y (eV) for y < 0.3. For a linearly-graded Ge profile in the base without Ge at
z =0, AE, ge(z) = 0.74 = yg./Ws, where yce. is the Ge fraction at z = W, indicat-
ing the Ge grading across the base. Thus the effective intrinsic carrier concentration

given in (3.3) needs to be modified as:

N’B(x)] Vao/KT 3% (3.4)

2 = n? A SVl
i(e) = (o) | 22
where a = 0.74 yg./(WskT'). Hence, the minority electron concentration at thermal
equilibrium becomes:

n(z) -
Na(z) (3.5)

no(z) =

Using (3.1), (3.4), and (3.5), we can express the electron concentration at thermal

equilibrium in each subregion of the base as:

,

no1(z) = C; elo=b)= 0 <z < z; (Region I),
7o(2) = nez(z) = Cy e z) < z < z; (Region II),
\ noa(z) = Cp elotb2)z=b222 7, < 3 < W, (Region III) (3.6)
o — Zlio_ (&) 2V,°/kT, Cr = i (_&) 2Vyo/kT
N, \ N, Ny, \ IV,

b, = by (1 —2V,o /ET), b} = ba(1l — 2V, /kT)
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3.2.4 Doping-dependent diffusivity

Klaassen [121, 125] recently reported a more accurate low-field electron mobility
model which results in a single function of the local donor and acceptor concen-
trations and takes into account different scattering mechanisms, and screening and
clustering effects. To facilitate our derivation, we approximate Klaassen’s results

as follows [174]:

1 Hno
T)= 3.7
#nl2) = T e @) V) &0
where !, is the low-field mobility; fine, Nim,m are fitting parameters. As shown in
Fig. 3.2, a good fit is obtained for Ng(z) = 10'"— 10cm™2 by using the least
square method with pn, =4x10% cm? V™is™!, N, =1.46 x10%cm~3, and m = 0.295

3

(Note. A local donor concentration of 10'®cm ™ is assumed in generating Klaassen’s

curve). Using Einstein’s relation, the low-field electron diffusivity can be obtained

from (3.7):

Dno
Do) = T e ) M) (3:8)

where D,, = pnoV7 and V7 is the thermal voltage £7'/gq.

3.2.5 Velocity saturation at collector-base junction
From conventional drift-diffusion transport theory, J, can be expressed as:

dn(z)
dz

Jn = quna(z)n(z)E(2) + ¢Dn(z) (3-9)
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where y, and D, are the electron mobility and diffusion coefficient, respectively.
The electric field in the neutral base € is the sum of the doping-induced electric
field (€£4) and the electric field caused by the non-uniform bandgap narrowing (&,).
Neglecting the hole current [135], we can express the doping-induced electric field
as:

dlinNg(z)]

€a =Vr dz

(3.10)

where V7 is the thermal voltage and N, is the acceptor concentration in the neutral
base. Considering the non-uniform bandgap narrowing in the base, the induced
electric field £; can be written as:

dln(n?e

€ =—-Vr g

(3.11)

where n;. is the effective intrinsic carrier concentration and can be written as [131]:
AE,

n? = n?ezp [——————k;,(x)] (3.12)

where n;, as the intrinsic carrier concentration and AE,(z) the apparent bandgap
narrowing. From (3.10) and (3.11), the total induced electric field in the neutral
base can be written as:

£ = ~Vi—{in(no(z)) (3.13)
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where n, = -}.\‘,-L;- is the equilibrium electron concentration obtained in (3.6). Substi-

tuting (3.13) into (3.9), we obtain:

d (n
Jn - q-DnnoE;; (_> (3.14)

L

Integrating (3.14) from z to W, with the boundary condition at z = W} (i.e.,
Jo = —qSn3(Wp), where S is the interface velocity or B-C junction velocity [176]

and n3 is the electron concentration in subregion III), we obtain:

&/W” dz _ ng(Ws) _ n(z)
q J: Da(z)n.(z) na(Ws)  no(z)
_ Jn _ n(z)
qSna(Ws)  no(z)

(3.15)

3.2.6 Regional base transit times

The base transit times in the three different subregions are defined as follows:

=t ny(z)

= d 3.16

o q/o BAR (3-16)
*2 7’22(:2)

Thp = q/ ——Zdz (3.17)
2 221 IJ"'I
Yo na(z

s = q [ —‘*"}T)-dx (3.18)

where n;(z),na(z), and njz(z) are the electron concentrations in subregions I, II,

and III, respectively. It is noteworthy that J, is constant throughout all three
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subregions. From (3.15), we can express the ratio n(z)/J, as:

n(r)z_no(z)[ 1 We dz ]

7. 4 | Sna®) T ). Dapmae) (3-19)

Please note that (3.19) is similar to the expressions presented by Jahan and Anwar
[173] and by Suzuki and Nakayama [134] if n, is replaced by nZ/Ng(z). However,
it differs from Suzuki and Nakayama [134]’s expression where S is assumed to be
the thermal saturation velocity, v,.

Substituting (3.19) into (3.16)—(3.18) gives:

_ x We dZ fo-tl n01(x)d$

T = /0 nol(x)/; ——Dn(z)no(z) dz + —Sno;;(Wb) (3.20)
z2 W, d= f:lz noz(z)dz

Ty = /;1 nog(x)/z Dn(z)no(z)dx + Srr (W) (3.21)
W, W dz f:;v” ne3(z)dz

me= [ nele) [ et S (3:22)

It should be noted that the upper limits of the inner integrals in the first terms of
(3.20)-(3.22) should be the same, i.e., W,, instead of z,, 22, and W, as incorrectly
assumed by Gao and Morkoc [175].

3.2.7 Electric-field-dependent diffusivity

Since the electric field in the non-uniform base influences the electron diffusivity,
D,, in (3.20)-(3.22) is different from the low-field diffusivity obtained from (3.8).
Using the Caughey-Thomas mobility formula [126] and Einstein relation, we relate
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the electron diffusivity to the low-field diffusivity by the electric field across the

base as follows:

D;(z)
[L + (|1 E(z)] DL(z)/(Vrv,))P]1/2

Dn(x) = (3.23)

where 8 =1 [177,178] or 2 [126]. The electric field, E, is either negative or zero in
subregions II and III (i.e., |E| = —F = Vyf;[ln(no(m)(x))], from (3.13)). While in
Region I, E = —Vr £ [in(ne(z))] = —Vr(a —b}). Thus, the direction of the electric
field depends on the strength of the electric field associated with the doping profile
and the heavy doping effects, relative to the electric field due to the Ge grading;:

(

0 if a = b,

lElin Region I = { —E = VT%UR(RO;(HZ))} ifa> b,l! (324)

E=-VrZ&(in(na(z))] ifa<¥

Therefore, for 8 = 1, by substituting (3.23) and (3.24) into (3.20)-(3.22), we can
show that (see Appendix B):

To1 _./ no1(T) [W" 5 ' no(z)d Tz 4+ H + ] (3.25)
(s o [ e )} ) @

= [ nate) /,Wb B +(5-3 )fn;:(zvgvb (3.26)
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B W, Wb — 1 1 ::b nes(z)dz
= [ (@) [ gt (5- Z) 7o (Wa)

(3.27)

3.2.8 Analytical expressions for base delay time

In order to obtain closed-form analytical expressions, the inner integrals in the first
terms of (3.25)—(3.27) need to be expanded. So, (3.25)-(3.27) are re-written as:

= / ro1(=) [ “"7‘517(7 / DL 2gz)noz<z>, " W b Diy(= d):m )]
e 2 s~ e e T+ ) )

xy
x / no1(z)dz
4]

(3.28)
=2 2 dz W dz

Tp2 — /:l 7102(33) [[x Di,g(z)noz(Z) -+ v Dis- ('z__—)no;;(z):’ dz (3 29)

+ o — I3 + }— —l_ f::"' noz(.?:)dx .

Us S Vs noS(W’b)
Wy Wy dz W’b -z (1 1\ noa(:z:)d:c
= el 4 ————= | — — —
e f ) [ B et 57 0) " W)

(3.30)

Taking into consideration all the effects mentioned in Sections 3.2.2-3.2.5 and 3.2.7,

we can obtain the analytical expression for 7, in each subregion by substituting (3.1),
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(3.6), (3.8) into (3.28)—(3.30):

-+

1 {e(b;-a)n -1 T (No )m [ e&;mz; _ e(b‘m_“+b'1 }z1

Tor =

Dol @=8)7 " a=8§ \Na) |@—H)im—a+t)
s — 1 1+ ( (6=b1)z1
— € —-azry baal* * 5] € 1
e + 0| (e e )+ 4] }
e C._ 1fla=Hl/(a=b)-1
'l)’(a _ b;) Scze(d-{‘ba)wb—b&xz Vs B(aﬁb,l JEN
Cl e(a"‘ﬁ;)xl -1
t e et | [T a = h
(3.31)
Ty — Iy 1 1 eax’l —_— ea:n
Tv2 = B + V. + (§ - ‘U_‘s) aewb(a‘f‘bé)—bézz (3»32)
1 e(d+b§)(rz—~Wa) -1 Wb ~ s elatby+bam)(z2—Wp) __ gbam(z2—W,)
Ty = Dm,{ (a + b5)? a + bl (N ) [ (a + b)) (b + a + b))
1 — ebzmiz2—~Ws) W, — 4 1 — ele+b2)(z2—Ws)
R e (32
bym(bym + a + b)) Us S v, a+b,
(3.33)
where
e—az2 _ eby(z2—Wp)—aWs (_N"!f;) [e—cu:z — glbam+b; )(-‘&'2—Wb)"‘0Wb]
A=
ACET AR Colbam + a7 5,)
N m
) et 1 4 2R (0, 0y 4 GA (e —en) a0
= 1+ Np \™ . .
gg:., ($2”$1)“+%%(x2“31) ifa=20

(3.34)
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It should be noted that (3.31) is invalid when @ = b} or by = a — b]. When a = ¥},
the following equation, which is directly derived from (3.20) with D, = D!, should

be used:
1 [ z? N\ [zehm=s ghma g
T = —<¢ = + -
Do | 2 N, bm (bym)?
Nm —azry __ ,—arz 171
+ O [ Csa (e ¢ ) +4 + S Cze(a+6£)wb"-béx2

Furthermore, when bym = a — b}, the following expression, which is derived from

(3.28) directly, should be used:

1 (etri—a)m 1 T (Nc ™ T e~1(a=b])
= D,.a{ (a —b,)? + a— b T\ Ta-b + (a — 8})2

1 1+ (NIYL)m glo-bi)a z1|a — bi]
] + Cl[ C ;‘ (e-aa:l _e—-aa:g) +AJ } + 1 1
2

(a-H)? a— b} vi(a — )
6 iflaHlfe-) -1 G
SC2 e(a-{-b&) Wb—-béa:z Vg e(a»b{ JE CZ e(a-}-bé)wb—b;Zz
e((.‘(—b’1 Yo 1
X ———————————————

a— b}
(3.36)

If no bandgap narrowing due to heavy doping effects is considered, 4] and b, become
b; and b,, respectively. If velocity saturation at the collector-base junction is ignored
and n(W;) is assumed to be zero, S approaches infinity in (3.31)—(3.36). Similarly,
set v, — oo if the electric-field dependency of the diffusivity is ignored. If the
dependency of diffusivity on doping concentration is neglected, both (NA—’:)"‘ and
(1—,\\,{;’7)'" should be set to zero in (3.31)-(3.36). If no Ge exists in the base, set
vs — 00 in (3.32) and the limits of (3.31)-(3.36), when a — 0, should be taken

instead.
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3.3 Results

Fig. 3.3 shows the sensitivity of 7, 742, and 733 to the base concentration at the edge
of the emitter-base depletion layer, N,, for the Si BJT and the SiGe HBT studied
by Gao et al in [175]. This result is obtained by assuming S = v, =107cm/s and
a =7.74 x 10°/cm (i.e. a Ge grading of 13.5%), and that the retrograde region
occupies 30% of the neutral base.

Both 72 and 73 are insensitive to the variation of N, because they depend only
on parameters in regions I and III (see (3.29) and (3.30)). Whereas, 7, decreases
significantly with N, since a higher IV, lessens the retarding electric field induced by
the retrograde profile in region I. However, this variation in 7,; diminishes for SiGe
HBTSs (denoted by the dashed line) because the electric field induced by the Ge
concentration gradient may dominate the retarding field in the retrograde region.

Fig. 3.4 demonstrates how the Ge grading across the base affects the sensitivity
of the 1, /7 ratio to N, for SiGe HBTs of different fractions of the retrograde region
I (10% and 50%) and neutral base widths (50 nm and 200 nm). Again, we assume
that § = v, =107cm/s.

For both base widths, the variation of the 7; /7 ratio is less than 15% as N, is
increased from 5 X 107cm™3 to 9 x 10'®cm™3. Furthermore, this variation reduces
with a higher Ge grading. This result is consistent with Fig. 3.3 in that the
retarding electric field in the retrograde region I does not affect 7, significantly. In
fact, 1, is more sensitive to the ratio of the retrograde region width to the neutral
base width. As shown in Fig. 3.4, the 7y;/7 ratio increases by around 60% when
z1/ W, changes from 0.1 to 0.5.

Fig. 3.5 compares Gao et al.’s results (using (7)-(10) in [175]) with our results
for a Si BJT and a SiGe HBT. In obtaining our results, all effects are considered
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Figure 3.3: Base transit times in different subregions as a function of the base
concentration at the edge of the depletion layer (with all effects considered and
S = v, = 10°cm/s assumed).
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of the Ge grading across the base (with all effects considered and S = v, = 107cm/s

assumed).
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and S = v, = 107cm/s is assumed. Other parameters used for both sets of results

are N, =10%cm™3, N,, =4 x 10*"cm™3, z; =15 nm, z, =25 nm, and W, =50 nm.
In Fig. 3.5, both 7, and 73; are shown. According to Gao et al.’s results (denoted

by dashed lines) for Si and SiGe transistors, the 7, /7 ratio increases by ~0.30 and

~0.26, respectively, as N, drops from 9.5 x 10%® to 5 x 10!7cm™3.

However, our
results indicate a less significant increase: ~0.17 for Si and ~0.09 for SiGe. In
terms of the total base transit time of SiGe transistors, for the same N, drop, our
results show an increase of 20%, whereas Gao et al. ’s results show an increase of
71%. The effect of the retrograde region is smaller for the SiGe transistor because
the electric field induced by the Ge concentration gradient dominates the retarding
field in the retrograde region. This implies that the retarding electric field does not
influence 7, as much as Gao et al. have reported. The discrepancy between Gao et
al. 's results and our results is mainly due to the incorrect derivation for Gao et
al. ’s analytical expressions.

Fig. 3.6 assesses the relative importance of each effect, mentioned above, on
7, as the Ge grading varies across the base of the two SiGe HBTs with different
z, /W, ratios. Since the y-axis is the ratio of the 7, modelled with one of the effects
neglected to the 7, modelled with all effects considered, the closer to unity the curve
is, the less significant is the neglected effect. In the case where the effect of the
doping dependency of electron diffusivity is ignored, an averaged diffusivity, Dy,
calculated from the averaged base concentration and Klaassen’s low-field mobility
model [121], is used.

For both transistors with different z;/W} ratios, the curves associated with the
effect of the doping dependency of the electron diffusivity (D,(N)) are close to
unity and does not vary much with the Ge grading. This implies that the influence

of D,(N) effect on 7, is neither significant nor altered much by the Ge grading.
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Figure 3.5: Base transit time of the retrograde region and the total base transit
time as a function of the base concentration at the edge of the depletion layer.
Solid lines: our results with all effects considered and S = v, = 107cm/s assumed.
Dashed lines: Gao et al.’s results using (7)—~(10) in [175] with D} = 4.4 cm?/s and
F =20 kV/cm (i.e., a Ge grading of 13.5%). Other parameters: z; = 15 nm,
z2 = 25 nm, Wj = 50 nm, N, = 10°cm™3, N, = 4 x 10'7cm™3.
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The curves corresponding to the effect of velocity saturation at the collector-base
junction are very close to unity, regardless of the Ge grading. However, it should
not be concluded that the effect of velocity saturation is insignificant because we
have assumed S = v, =107cm/s in our calculation, which is a relatively high value.
In fact, we have found that when S is reduced to 10cm/s, the corresponding curves
will move farther away from unity (Note. The effect of S can also be seen in Fig.
3.7).

The effect of the electric-field dependency of the diffusivity (Dn(E)) becomes
increasingly significant as the Ge grading increases. This is expected because a
higher Ge grading across the base induces a higher electric field. The higher the
electric field, the more pronounced this effect will be.

The impact of heavy doping effects (HDE) on 7 is weakly affected (within 5%)
by the Ge grading, except when the retrograde region occupies a significant fraction
of the neutral base width. For z, /W, = 0.5, at low Ge gradings, the effect of HDE

becomes important. But its effect diminishes with increasing Ge grading.

3.4 Verification and comparison

Results obtained from our analytical expressions, numerical integration, and Gao
et al. [175] are compared with the published simulation data of Patton et al. [93]
for their 75-GHz SiGe HBT. The base region of Patton et al.’s SiGe HBT is ap-

proximated as follows:

N, (z) = 4.14 x 1018e>%32%10°7 (0 < 7 < 14.9nm
Npa(z) =9.44 x 10"™® 149 nm <z <20 nm (3.37)

Np3(z) = 9.44 x 1018¢-1:20x105(z~20x107") 90 nm < 7 < 46.7 nm
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Figure 3.7: Base transit time as a function of the Ge grading across the base.
Darker dashed line: Patton et al.’s simulation results [93]. Solid line: z; = 7.4 nm,
T2 = 12.5 nm, Wy = 26.2 nm, N, = 6.27 x 10'¥cm™3. Dashed line: z, = 8.9 nm,
zy = 14 nm, W, = 27.7 nm, N, = 5.77 x 10¥cm 3. Dot-dashed line: z; = 10.4 nm,
T = 15.5 om, W, = 29.2 nm, N, = 5.31 x 10%cm™3. Gao et al’s results are
generated using (7)-(10) in [175] with D} = 4.4 cm?/s.
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where z is in cm. Since the emitter-base voltage (Vi) was not specified in [93],
three values of V4. (0.6, 0.7, and 0.8 V) are considered here. The locations of the
neutral base region (or the depletion layer widths of the emitter-base junction and
the base-collector junction on the base side) are determined by MEDICI numerical
simulations [179] at the specified base-emitter voltages. It is found that the deple-
tion layer widths of the emitter-base junction on the base side at V;. = 0.6,0.7,0.8 V
are 7.5, 6, and 4.5 nm, respectively. The depletion layer width of the collector-base
junction does not vary much with the base-emitter voltage and is ~ 13 nm under
a zero collector-base voltage. For each value of V. and the corresponding deple-
tion layer width, we then approximate the resulting neutral base profile in each
subregion using (3.37).

Fig. 3.7 shows how 7, varies with the Ge grading across the base under the
three bias conditions. Assuming that S is in the range of 106cm/s — 107cm/s is
reasonable because the Ge grading can reduce the formation of energy spikes at
the collector-base junction and can cause most of the band offset in the valence
band in SiGe [93]. Gao et al’s results are obtained from analytical expressions
((7)-(10) published in [175]) with D7 = 4.4cm?/s. Identical structural parameters
are used for generating our results and Gao et al’s. As shown in the figure, our
results agree well with Patton et al.’s simulations, while Gao et al.’s results deviate
significantly from both Patton et al.’s and our results. Furthermore, the results
obtained from our analytical expressions are in agreement with those obtained by
numerical integration.

To further validate our analytical expressions, we consider the special case of
a uniformly-doped neutral base with a linearly graded Ge profile (i.e., by = b} =
by = b, =0,C; = C3, N, = N, = N, ). When the effects of doping dependency and

electric-field dependency of the electron diffusivity are ignored (as what Kroemer
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did in [135]), (3.31)-(3.34) become:

1 e—%T1 . 1 T e0%1 _ g8T2 azy _ 1
T = { S—+—+C [—-—-—-——+A] e——-}

Dno Cza a
Th2 =‘-B
1 fetlmW) 1 W, — 1,
i (39)
A =e—a:x:2 _ e—aWb
Cza
eF-22) 1 gz, g1 CA
B = ar2 _  0I)
a?Dy, + aDp, aDno(e )
Therefore,
To = Tor + T2 + Tb3
W, 1 — e—Ws (3.39)
" aD,, (1 T aW, )

This is the same as Kroemer’s expression (equation (16) in {135] with a = F/Vg

a.nd e""W" = (n,-o/n,-w)Z).

3.5 Conclusions

We have presented a regional base transit time (73) model which results in a set of
closed-form analytical expressions for an exponentially-doped retrograde base of a
SiGe HBT with a linearly graded Ge profile. This model considers the retarding
built-in electric field due to the retrograde region, heavy doping effects, the effect of
velocity saturation at the collector-base junction, the effects of the doping depen-
dency and the electric-field dependency of the electron diffusivity, and the electric
field induced by the Ge concentration gradient. The impact of these different effects
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on T, has been assessed. Our model results show that the retarding field due to the
retrograde region in the base does not increase 7, as much as Gao et al. reported,
especially when a high Ge grading exists and when the retrograde region is small
compared with the total base width. For a Ge grading of 13.5 at.%, the base transit
time increases by ~ 20% (vs. 71% predicted by Gao et al. ) when the base concen-
tration near the emitter-base junction drops from 9.5 x 10¥cm=3 to 5 x 10*"cm™3.
The impact of the retrograde region on 7, reduces when a high Ge grading (e.g.
13.5 %) exists in a base with the retrograde region occupying only a small fraction
of the total base width (e.g. 10%). For a high Ge grading across the base, the
effect of the electric-field dependency of the electron diffusivity on 7, becomes very
pronounced and must be considered in the model. We also show that this model
results in Kroemer’s analytical expression for the special case of a uniformly-doped

base. The results have been verified by numerical integration. They agree well with
the published simulation data of Patton et al. for their 75-GHz SiGe HBT.



Chapter 4

Doping and Ge profile
optimization for minimum base
delay time before onset of Kirk

effect

4.1 Introduction

To fully utilize the high-frequency performance of HBTs, the base doping and
germanium profiles must be carefully designed. Since the base delay (or transit)
time (75) is one of the important delay time contributors to fr, a few base profile
optimization studies for minimizing 7, have been published [180-185]. Broadly
speaking, two approaches have been taken in these studies. The first approach
adopts numerical methods [180] or optimization theory [181] to obtain the optimal

Ge profile for minimizing 7,. However, such approach has two limitations: i) a
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uniformly doped base and a low-injection condition are often assumed in order to
make the problem more tractable, and ii) with the constraint of a fixed Ge dose in
the base, the resulting optimal Ge profile is often difficult to realize in fabrication.

The second approach is to derive closed-form analytical expressions to com-
pare 7 for different combinations of more realistic Ge and doping profiles in the
base. Under this paradigm, two regimes of operation can be considered: low injec-
tion [182-185] and high injection before the onset of the Kirk effect. Unlike other
works in the low-injection regime, Patri and Kumar’s study [185] provided a more
meaningful comparison by considering Ge profiles under the important criterion of
identical film stability. However, they did not account for the electric-field depen-
dency of the electron diffusion coefficient, which has been shown to be significant
in a HBT with Ge grading [89]. Also, in their comparison, the peak base concen-
tration, instead of the base concentration near the emitter, was kept constant. A
more useful comparison is to keep the latter the same as it is a stronger factor than
the former in determining the emitter-base junction capacitance. This was first
suggested by Varnerin (81} and recently emphasized by Hamel [186].

In the high-injection regime, to our knowledge, no profile comparison study
for SiGe HBTs is available, although modern transistors are often biased at high
currents to reduce charging times. Even for Si bipolar transistors, most studies
in this regime focus only on how to accurately and efficiently solve for the minor-
ity carrier concentration, the current density, and subsequently 7, [115,187-192].
Although Suzuki [193] and Ma et al. [194] have compared different base doping
profiles in Si bipolar transistors for minimizing 7, the doping profiles considered in
both studies correspond to different base resistances. This makes the comparison
less meaningful.

Unlike Suzuki and Ma et al., Yuan [195] compared a uniform doping profile and
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an exponential one with the same base resistance. The electric field due to the
variation of bandgap narrowing in the base and the modulation of injected carriers
under high injection was considered in determining the diffusion coefficient. But
in calculating the minority carrier concentration for the case of the exponentially-
doped base, this electric field was neglected. This compromises the accuracy of the
comparison.

Apart from the aforementioned limitations, three important points are seldom
addressed in the base transit time studies for high injection: i) the definition of
base-emitter voltage, and ii) the impact of plasma-induced energy bandgap nar-
rowing (BGN), and iii) the assumption of identical transport parameters for Si and
SiGe. Although 73 is often calculated for a given Vgg, most studies did not give
a clear definition for Vge. One exception is the study by Suzuki [193], who cor-
rectly distinguished between Vg, the base-emitter terminal voltage, and Vg, the
built-in voltage minus the base-emitter junction voltage. Under high injection, the
electric field in the base becomes significant and can cause a substantial difference
between Vpg,. and Vpg.

Regarding the second point, Wu and Lindholm [196] have pointed out the sig-
nificance of the phenomenon of bandgap narrowing in the presence of high con-
centrations of mobile carriers, which is likely under high injection. However, to
our knowledge, this has not been considered when studying the base profile design
for minimizing 7, in the high-injection regime. Finally, except for the Ge-induced
bandgap narrowing, most profile comparison studies simply assume Si values for
SiGe parameters.

The objective of this chapter is to study and compare the 7, performance for
different combinations of Ge profile and doping profile in SiGe HBT's operating in

both low-injection and high-injection regimes before the onset of the Kirk effect.
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To provide a meaningful comparison, we fix the intrinsic base resistance (under
low-injection condition), the base concentration near the emitter, and the Ge dose
in the base while comparing Ge profiles of different shapes and doping profiles
of different base widths. In calculating 7, for a given collector current density J,
(instead of Vgg), we adopt a consistent set of SiGe transport parameters and include
important effects such as the electric-field dependency of diffusion coefficient and
plasma-induced bandgap narrowing. Results in this chapter have been reported
in [90].

‘The organization of the chapter is as follows. Section 4.2 presents the theoretical
framework for calculating 7, which will be verified in Section 4.3. Sections 4.4 and
4.5 present and discuss the profile comparison results for the regimes of low injection

and high injection, respectively. Conclusions are drawn in Section 4.6.

4.2 Theory

4.2.1 Assumptions

The following assumptions are made in our study:

1. The transistor operates under conditions before the onset of high current
effects such as emitter crowding {197], Kirk effect [198] and van der Ziel-
Agouridis effect [199]. Base conductivity modulation caused by the rise of the
majority carrier concentration in the high-injection regime takes place only
in the intrinsic device region. We consider a SiGe base HBT with a collector
of 9 x 10*®cm ™2 and 0.5 um, operating with a collector-base terminal voltage
of 2 V, for which the Kirk onset current density is ~1.4 x 10° A/em?. The

transistor operates at 300 K.
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~l

. All base doping and Ge profiles considered here are located within the neutral

base region. The neutral base width is constant before the onset of Kirk effect.

. The drift-diffusion equations are still valid for the base widths considered in

this study (~ 25—100 nm). Stettler and Lundstrom [200] have shown that the
carrier travels ballistically only when the base width is much smaller than the
carrier’s collision-free path length (~ 10 — 20 nm for heavily-doped silicon).

The base current density can be approximated to be zero. Yue et al. [192]
have conducted an ambipolar study without assuming a zero base current
and found that the assumption of zero base current will be more valid when
the base width decreases and the base concentration increases. This together
with the fact that a thin base is often used in modern bipolar transistors (less
than 100 nm in this work) allows us to neglect neutral base recombination

(i.e. Jn is constant).

Boltzmann statistics can still be used as an approximation. The averaged

base concentration considered in this study does not exceed 10*°cm™3.

Boltzmann quasi-equilibrium (or the non-equilibrium equivalent of Boltzmann
relation) is still valid even under high forward base-emitter bias [201]. This

allows the use of the law of the junction or the Fletcher boundary conditions.

. The law of the junction can approximate the Fletcher boundary conditions

[202] and be applied across the space charge region of the emitter-base junc-
tion as long as the emitter concentration is much higher than the electron

concentration at the emitter edge of the base (e.g. Npg =10%cm™2) [203].

. For the boundary condition at the base-collector junction, it is assumed that

for both low and high injection the electron concentration at the collector edge
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of the base is related to the electron current density through the saturated
velocity, v,. This is more accurate than assuming a zero electron concentration
(i.e. an infinite carrier velocity) at the edge for a finite electron current
density. For high collector current density, the electric field at the junction
begins to drop and it is not accurate to assume an infinite carrier velocity at

the collector edge of the base [204].

4.2.2 Profile Definitions

Although any arbitrary doping profile can be used in this work, we have chosen
four representative profiles (shown in Fig. 4.1) for comparison: uniform, Gaussian,
exponential, and retrograde profiles. The four profiles can be analytically described

as follows:

N. e—ne[(Rp—I)/RP]a, 0z
" Ry (4.1)
Nye~mlc—Re)/(Wo=Rp)l* R <z < W,

where 1. = In(Np/Nee), 1 = In(N,/Np.), Rp is the peak location of the profile, Np.
is the base concentration near the emitter, Ny is the base concentration near the
collector, N, is the peak concentration of the profile, and W, is the neutral base
width. For a uniform doping profile, e = 1. = 0, N, = Np.. For the exponential
and the Gaussian profiles, o = 1 and 2, respectively, and N, = N, R, = 0. For a
retrograde profile, & = 2, and IV, must be larger than Nj..

Following [185], we describe the Ge profile as follows. Since the Ge dose in the
base is kept constant, regardless of the shape of the Ge profile, the Ge fraction y(z)
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Figure 4.1: Ge profiles (W, is arbitrarily set to 100 nm for illustrative pur-
pose) and base doping profiles with intrinsic base resistance of 5kQ2/0, Npe =5 x
108cm =3, Npe=9 x 10'%cm™3: uniform (W, = 29 nm), Gaussian (W, = 54 nm),
exponential (W; = 83 nm), retrograde (W} = 26 nm, R, = 13 nm, N, =10%cm™3).
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is defined as:
W(XT) — Y] =+ v, 0z Xy
y(z) = xr (4.2)
y(XT): Xr<z<W
where
Yoe — Ye
Xr) = 2=~ -
y(XT) 3 — Xz /W, +y

and X7 defines the shape of the Ge profile. This is, X7 = 0 for a box Ge profile,
X1 = W, for a triangular Ge profile, and 0 < X1 < W} for a trapezoidal Ge profile
(see Fig. 4.1). The quantity y. is the Ge fraction near the emitter, while ya. is the

Ge fraction near the collector when the Ge profile becomes triangular.

4.2.3 Solution method

Considering an n-p-n transistor, the base transit time is defined as the ratio of the

injected charge to the electron or collector current density':

_aJy ' n(z)dz
Jn

o~

b

(4.3)

where n(z) is the electron concentration; g, the electronic charge; J,, the conven-
tional collector current density in the base. Please note that we define J,, as the
absolute value of the actual collector current density. To calculate 1y, one needs to
know n(z) and J,.

Unlike other similar studies [115,187-191], where researchers calculate J,, and

1 As neutral base recombination is neglected, J,, and J. are used interchangeably.
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n(z), and subsequently 7, for a given value of Vpg, we assume that J, is given and
use it to calculate Vpg and n(z), and subsequently 7,. There are two advantages of
this approach. First, it naturally leads to the 7,-J, plot, which is more useful than
the 7,-VpE plot since it is more common for circuit designers to refer the operating
or biasing point of a device to J, than Vgg. Second, quoting 7, by J, instead of
VgE avoids the possibility of confusing the definition of Vg as mentioned.

In the following, we shall derive expressions relating Vg, Jn, and n(z). A key
parameter is the electron diffusion coefficient, D,(z), which is a function of the
electric field, £(z), in the base. Therefore, we shall first derive the expression for
E(z).

With J, ~ 0, we can write the electric field in the base as:

1dAE,(z)

£(2) = Ve lin(p())] - -2 (4.4

where V7 is the thermal voltage; p is the hole concentration in the base; AE,(z) is
the apparent electrical bandgap narrowing in the base, which can be expressed in

terms of the effective intrinsic carrier concentration, n, as follows:

ne

t

AE,(z) = kT In ("2—(:’)) (4.5)

where n; is the intrinsic carrier concentration; k, the Boltzmann constant; T, the

temperature. Substituting (4.5) into (4.4) gives:

E(z) = VT% [ln (;E%)] (4.6)

Now, we are ready to relate Vgg, Ja, and n(z) together. Substituting (4.6) into
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the electron current transport equation

_ _Da(z)n(z)é(z) dn(z)
....Jn =q VT + un(.T)—-‘—d;‘——,
we obtain:
___Jwp _ d [p()n(z) i
gDn(z)nl(z) dz [ nZ(z) ] (4.7)

Using the principle of charge neutrality (p(z) = n(z) + Np(z)), the law of the
junction at z = 0, and the boundary condition at z = W; (i.e., J, = qu,n(Wy)),
(4.7) is integrated from 0 to Wj:

qe¥eel/Vr
Jn = fwb n!:t!-{—Nb(a.‘!dx + n!Wb!-{-NB!W&! (4.8)
0 Dn(z)nt (=) Uange(wb)
Observing that J, = qusn(W,) at z = W, we can write (4.8) as,
Vee/V:
e"BEIYT
g (4.9)

Jn = =
b n{z)+Np(x) Np(Ws) Jn
j;:’ Dn(:)ﬂ;e(z)dm + "t".'g(wb) + qv?"ig(wb)
Therefore, the base-emitter voltage (defined as the built-in voltage at the base-
emitter junction minus the base-emitter junction voltage after a terminal Vgg volt-
age is applied) can be expressed as:

vy d I [ [T nle) + No(z) , Ne(Wh) I }
s =vein{ 2| [ 1 R D

To determine n(z), we integrate (4.7) from 0 to z and apply the principle of
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charge neutrality and the law of the junction at z = 0:

n(z) + Nb(-”") _ [n(z) + Ni(z)]n(z) _ ¢Ves/Vr
= Dot (n) nZ(z) (#:11)

A quadratic equation of n(z) is then obtained:

n(z) + Np(z)
D, (2)n%(z)

n(z)? + Ny(z)n(z) — nk (x)e"2s/Vr + 22 n“’(“’) / dz=0 (4.12)

with the solution?:

iy = (@) TN v, an(a:) ) + Ni(2)
() 2 +\/[ 9 :i + nZ(z)eVrs/Vs / Do (é)d.,

(4.13)

Two points should be noted here. First, n,.(z) in (4.10) and (4.13) also depends
on n(z) because of plasma-induced bandgap narrowing in the case of high injec-
tion. This becomes clear when considering the different terms in AE,. To account
for the bandgap narrowing due to the Ge presence, the heavy doping effects, the
high concentrations of carriers, the difference between N, s;V, s; and N. sige Nv.5iGe;
and the Fermi-level shift due to the difference between Fermi-Dirac statistics and

Boltzmann statistics, we write AE, in (4.5) as follows [203]:

Nc SlGeNu,SiGe )
c :Nv i
Sittes (4.14)

A'Eg(:(:) =AE JHDE + AEg Ge + AE, g.plasma + kT in (

Ny _ N,
Nv,SiGc H Nv,SiGe

2The solution corresponding to the positive square root term is taken since

Jnfs B :(z'*)?b((f_- dz < g €V8£/YT according to (4.9).
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where F ;:1 is the inverse function of 72;>< the Fermi-Dirac integral of } order (Please
note that the details of the physical models used in this section to describe the
electron transport in the SiGe base are given in Appendix C).

Based on Klaassen’s new mobility model [121,125], the apparent bandgap nar-
rowing, due to the heavy doping effects in Si after correcting for the Fermi-level
shift associated with the use of Fermi-Dirac statistics, is extracted by Sokolic and

Amon [206]:
ABgape(z) = [(aN§(=)™ + (bNg(=) 77" [eV] (4.15)

where @ =6.76 x 107! 5 =3.58 x 1077, ¢ = 0.5, and d = 0.28.

Using the AFE, ypg above and taking into account the Fermi-level shift associ-
ated with the use of Fermi-Dirac statistics, and the difference between the Si and
SiGe N_.N, products, Sokolic and Amon [206} extracted the bandgap narrowing due

to the Ge presence as:
AE, c.(z) = 0.937Ty(z) — 0.5y%(z) [eV] (4.16)

where y(z) is the Ge fraction defined by (4.2).

For plasma-induced bandgap narrowing, we have fitted the experimental results

of Neugroschel et al. [207] as follows:

n(z) < 2 x 10%cm™

?

AEg,plasma(z) =
ax(ln(n(z))]? + aln(n(z)) + ap, 2 x 10' < n(x) < 10¥%cm™3

(4.17)

where a; = 1.4898 meV/em®, a; = —1.0346 x 102 meV/cm3, ag =1.7833 x 10° meV.
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The ratio of the N.V, product between Si and SiGe for Ny <10%cm 3 calculated
by Sokolic and Amon [205] can be fitted as a function of the Ge fraction:

Ne.siGe Nu,sice(7) 0.9223
' ; = 0.077 ]
N.siNo.si 007788 + T 75 b2y @)y o (4.18)

for y < 0.35.

To calculate Ny, sige for the Fermi-level shift, we assume N, sige = 2N.,s; [206]
and the values of N, s; and N, s; are taken from [71].

Second, D,(z) in (4.10) and (4.13) also depends on n(z) and n.(z) through
the electric field, the carrier-carrier scattering, and the carrier-impurity scattering
in the base. According to the Caughey-Thomas model [126], D,(z) is related to
&(z) as follows:

D (=)
[1 + ([E(2)] Di(2)/(Vrv.))P]/8

Da(z) = (4.19)

where # = 2. The electron diffusion coefficient at low electric field, D!(z), is a
function of the base doping, carrier concentration, and the Ge fraction. It can be

written as:
Df,(a:) = Diz,Si(‘T)Dfl,rel(x) {4.20)

where D!, , is the ratio of the electron diffusion coefficient in SiGe to that in Si,
which is modelled by Decoutere et al. [209] as a function of the Ge fraction. Taking
the carrier-carrier scattering and carrier-impurity scattering into account, Klaassen
[121,125] has recently modelled D! ¢.(z) as a function of Ny(z), n(z), p(z)(= n(z)+

Ni(z)), and the donor concentration (which is set to the background collector con-

3In our implementation, Thornber’s model [208] can also be chosen.
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centration in our study)*. Because of the quasi-neutrality in the base, £(z) in (4.19)

can be modified from (4.6) as:

£(z) = Vo [ln (n(z) + N;,(a:))] (4.21)

dz nZ(z)

From (4.10) and (4.13), we can see that Vgg and n(z) are interdependent, and
D,(z) and n,.(z) must be known in order to obtain Vgg and n(z). This, together
with the fact that both D,(z) and n;(z) depend on n(z), as just noted, implies that
an iterative method is needed to solve (4.10) and (4.13) for Vgg and n(z). We have
chosen to use the low-injection values as the initial solutions for the iteration. For

low injection, n(z) < Ny(z), i.e., p(z) ~ Np(z), (4.21), (4.10) and (4.13) become:

., d Np(z)
Er(a) =Vro— [zn (nh(x))] (4.22)
_ Ja | [ Ny(z) No(Ws) In
Vesr = Vr l"{ g [ Doz g @) T v (W) qun?e.dwz)}}

(4.23)
— 'b(z) Nb(x) ? 2 BELIVT Jnn?C'L(x) - Nb(z) z
nL<z)——“z—+\/[T] o g(@etnessve - T Dozt (5)

(4.24)

To determine D, r(z) and ngr(z) in (4.23) and (4.24), we set AE;piasma = 0

*We consider Klaassen’s low-field mobility model most suitable for simulating bipolar transis-
tors operating under high injection because it accounts for the carrier-related scattering. However,
other low-field mobility models can also be chosen within our implementation.
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in (4.14), substitute (4.22) in (4.19) and set p(z) = Ny(z) in Klaassen’s low-field
mobility model.

In short, we can determine n(z) iteratively for a given J, as follows:

Nie1(T) ¢ Fu.[nr(z)]
Dni(z) ¢ Fplnr(z), niea ()]
VBe,1 ¢ Fy[ni(z), Dap(z), niea(2)]
ni(z) & Fulni(z), Dni(z), VBEL, Nie,1 ()]
Nie2(z) < Fu.[ni(z)]
Dy 2(z) ¢ Fplni(z), nie2(z)]
Vaez < Fy[ni(z), Daa(z), niea(c)] (4.25)
n2(z) ¢ Fa[ni(z), Dn2(z), VBE2) Nie2 ()]
nie,i () & Fu.lnj—1(z)]
D j(z) ¢ Fp[nj-1(z), nie,;(7)]
VBE.; < Fvnj-1(z), Dn;(2), tie,i(z)]

nj(z) ¢ Fa[nj-1(z), Da,j(2), VBE,j) nie,i(7)]

where F,.., Fp, Fv, F, are functions determined by (4.5), (4.10), (4.13)—(4.21) and

the subscript j denotes the number of iteration.

4.3 Verification

The results generated by the iteration scheme and expressions described in Section

4.2 are compared with those reported in [89,185,193,210], which cover a wide range
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of base region characteristics (base width, doping level, Ge concentration, profile
shape) and injection level.

Fig. 4.2 and Fig. 4.3 show that the solutions, obtained from the expressions
and iteration scheme described in Section 4.2, converge quickly. For the profiles
used for Fig. 4.2-4.4, solutions converge at the 5th iteration. In Fig. 4.2, for
the Si case (Suzuki’s profiles), the Vg solutions at the 3rd and the 5th iteration
are identical over a wide range of J,. For SiGe HBT (Rinaldi’s profile), for J, <
10°A/cm?, solutions of Vpg at the 3rd and the 5th iteration are identical. For
Jn >10°A/cm?, the error at 3rd iteration relative to the 5th iteration is less than
1%. In Fig. 4.3, no difference can be seen between the solution of the normalized
electron concentration at the 3rd iteration and that at the 5th iteration. For the
base transit time, the error at the 3rd iteration relative to the 5th iteration is less
than 1% even at very high Vpg biases.

As shown in Figs. 4.2-4.4, our results agree well with those reported. Discrep-
ancies are possibly due to the use of slightly different parameters for modelling
heavy doping effects, the diffusion coefficient, and different N.V, (in the case of
SiGe) or N values which are not clearly specified in the compared works. When-
ever possible, the same models and parameters, and profile definitions specified
in {89, 185,193, 210] are used in the comparison. The effect of plasma-induced
bandgap narrowing is not considered in the comparison as it was neglected in those
works. In Fig. 4.4, for low injection, our result agrees well with Rinaldi’s analyt-
ical expression. For high injection, our result (generated with a J,, of 108 A/cm?)
approaches the limit set by Rinaldi’s analytical expression [210] for strong high

injection.
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Figure 4.2: Collector current density vs. base-emitter voltage. Suzuki’s uniform
and Gaussian base: Wj, = 100 nm, Npe =2x108cm=3. N, =2x10¥cm™3 is used for
Suzuki’s Gaussian base [193]. Rinaldi’s Gaussian base [210]: W, = 100 nm,y(W};) =
0.15, triangular Ge profile, N, =10%cm ™2, Nj. =5 x 10%cm~3. The variable N is
the number of iteration.
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Figure 4.3: (a) Normalized injected electron concentration profiles at Vgg = 0.9 V, (b)
Base transit time vs. base-emitter voltage. For both (a) and (b), Suzuki’s uniform and
Gaussian bases [193]: W}, = 100 nm, Npe =2 x 10'8cm~3. Ni. =2 x 10'6cm~3 is used for
the Gaussian base.
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Figure 4.4: Base transit time vs. averaged Ge fraction (defined as ya./2 for tri-
angular Ge profile). Patri & Kumar’s profiles {185]: W = 60 nm, Ry = 5kQ /0.
Their results are generated under low injection without considering electric-field de-
pendency of the diffusion coefficient. Rinaldi’s uniform base [210]: N =10%¥cm™3.
The triangular symbols for Rinaldi’s base are calculated using equations (3) and
(5) in [210], which correspond to the low injection and strong high injection, re-
spectively. Kwok’s retrograde base [89]: W, = 38.5 nm,z; = 6.5 nm,z, =
11.5 nm, Npe =6.55 x 10*8cm=3,Npe =3 x 10'7cm =3, N, =9.4 x 10'8cm™> where
z, and z; define the neutral base region with a constant base concentration of N,.
Kwok’s results are produced under low injection.
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4.4 Low injection

The following points can be noted from comparing the four doping profiles shown
in Fig. 4.1. The doping profiles have the same intrinsic base sheet resistance® and
base concentration near the emitter. The base transit time and the intrinsic base
sheet resistance for each doping profile are plotted against different shapes of the Ge
profile (i.e., different X7 /W, values) in Fig. 4.5. The Ge dose remains unchanged
for all doping profiles and shapes of the Ge profile. Results are generated at J, =103
A/cm? (for low injection) with the following effects considered: concentration and
electric-field dependencies of the electron diffusion coefficient, non-uniform bandgap
narrowing due to the Ge presence and the heavy doping effects, and velocity sat-
uration near the collector. Hereafter, all results are obtained at the 5th iteration.
Although not shown, we have found that the same results are obtained regardless of
whether or not plasma-induced bandgap narrowing is considered. This is because
the electron concentration at low injection is small relative to the base doping level.

Fig. 4.5 shows that the intrinsic base resistances for all doping profiles are
around 5 kQ2/0 For all shapes of Ge profile considered (i.e. 0 < Xr/W, < 1),
both the Gaussian and the exponential doping profiles result in higher 7, than the
uniform and the retrograde profiles due to their larger base widths. A larger base
width simply offsets the enhancement from the aiding electric field caused by the
doping gradient. The retrograde doping profile gives a smaller 7, than the uniform
profile because of its slightly smaller base width and the aiding field associated with

5The intrinsic base sheet resistance Rj is calculated as

Wy
Ro=1/ [ am(=)Ms(z) +n(@ldz

where p,(z) is a function of Ny(z) and n(zr) and can be obtained by Klaassen’s urified mobility
model [121]. The electron concentration n(z) is set to zero in the case of low injection.



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION

3.0 1 ;

L J=10°A/cm®

- — e —
- — - c— -
- . — . — - s m—
—  —

= Uniform

— — (Gaussian

— ~ - Exponential

Retrograde

+ Retrograde without D(E)

i)
o 2.0 -
o) T e——
£
o
ot
w 15 +
c
©
=
[ SENE—
2
o T ——
a 1.0 —— ]

e
—
T ey v v— — — o— — — — — — — — — — —

' Y

Figure 4.5: Base transit time and intrinsic base sheet resistance vs.
Jn =10%A/cm? R, = 5kQ/0, ye = 0,Ne =3 x 10¥cm™3, N

10cm~3. Uniform doping

profile (Wp, = 29 nm,ya. =0.1724), Gaussian (W,
54 nm,yac =0.0926), exponential (W, = 83 nm,ya. =0.0602), retrograde (W;

26 nm,yac = 0.1923, R, = 13 nm, N, =10%cm™3).

153

2.5

w
(4;}
ase sheet resistance [k€/sq.]

N
o
B

X1 [Wp.

=9

i x



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION 154

its tail region.

Regarding the optimal Ge profile, Fig. 4.5 suggests that for the retrograde
doping profile, graded Ge profiles with X1 /W > 0.5 (i.e. trapezoidal or triangular)
achieve the minimum or near minimum 7. To be precise, the X1 /W), value for the
minimum 73 is 0.68. Although not shown, it is found that the optimum X1 /W, value
is always less than one for the retrograde profile considered here when R, is less than
W,,. However, if the electric-field dependency of the diffusion coefficient, D(E), is
ignored (denoted by the plus symbols in Fig. 4.5), a false optimum point will appear
at Xr /W), = 1 regardless of the location of the peak concentration. Therefore, the
electric field dependency of the diffusion coefficient should be considered when
determining the optimum point.

In Fig. 4.5, we set ya.Ws/2 (a2 measure of the Ge dose) to 2.5 (i.e., the Ge dose
is equivalent to a triangular Ge profile with W} of 50 nm and a Ge fraction of 0.1
near the collector). Whereas in Fig. 4.6, the base transit time is plotted against
the Ge dose of a trapezoidal Ge profile with X1 /W, = 0.68 for different doping
profiles. It shows that the retrograde doping profile always gives a smaller 7, than
the uniform profile for all Ge doses. Also, a Ge dose (yacW5s/2) of 2.5 is sufficient

to reach the near minimum 7,. Additional Ge doses will not reduce 7, effectively.

4.5 High injection

The four doping profiles in Fig. 4.1 are again compared at high-injection levels. Fig.
4.7 (Fig. 4.8) plots the base transit time and base sheet resistance of a triangular
Ge HBT against the collector current density for the four doping profiles without
(with) plasma-induced BGN. The Ge doses are identical for all doping profiles.

It should be noted that our discussions are limited up to the Kirk onset current
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density (around 1.4 x 10° A/cm?).

A comparison of Fig. 4.7 and Fig. 4.8 shows that the effect of plasma-induced
BGN is not significant for the triangular Ge profile considered. The base transit
times for all doping profiles are not strong functions of the collector current density
(at least within the range under discussion). The base transit time for the uniform
doping profile is slightly higher than that for the retrograde profile. Both are only
around 40% and 20% of those of the Gaussian and the exponential profiles, respec-
tively. Ry begins to drop for J, > 10*A/cm? (as the excess carrier concentration
increases with J,). At J, =1.4 x 10°4/cm?, R, of the retrograde and the uniform
profiles are around 5% and 20% larger than those of the Gaussian and exponen-
tial profiles, respectively. Therefore, the retrograde profile is still preferred to the
Gaussian doping profile. For applications where the maximum oscillation frequency
(which is affected by Rs) is a more important figure of merit, an in-depth trade-
off study is required to compare the effects of the retrograde and the exponential
doping profiles.

Fig. 4.9 examines the effect of the Ge profile shape on the base transit time and
base resistance for different doping profiles at J, =10°A/cm?, without considering
plasma-induced BGN. The base transit time for the retrograde doping profile is
smaller than that for the uniform profile for all Ge profile shapes considered. Since
the base resistance for each doping profile is sufficiently constant over different
X1 /W, values, it is still meaningful to compare different Ge profile shapes. For
the retrograde profile, graded Ge profiles with X7 /W, > 0.5 give the minimum (or
near minimum) 7,. To be precise, the X7 /W} value for the minimum 7, is 0.7.

With plasma-induced bandgap narrowing taken into account (see Fig. 4.10),
the base transit time for the retrograde doping profile is again the lowest for all

Ge profile shapes considered. Graded Ge profiles with X1 /W > 0.5 are found to
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be optimal for the retrograde doping profile. The exact minimum 7, point occurs
at Xr/W, = 0.67. Compared with Fig. 4.9, the base transit times are higher
for all doping profiles. The increase is more significant for Ge profiles with a box
shape (i.e. small X7/W, values) than for those with a triangular shape (i.e. large
X1 [Wp values). This can be explained by the fact that the large Ge-induced aiding
electric field associated with the triangular Ge profile dominates the effect of the
retarding electric field caused by plasma-induced bandgap narrowing. It should
be noted that a higher current density associated with an increase in the base-
emitter voltage results in a larger negative electron concentration gradient in the
neutral base. As predicted by (4.4), (4.14), and (4.17), a larger negative electron
concentration gradient creates a higher positive (i.e. retarding) electric field related
to plasma-induced bandgap narrowing.

Figs. 4.11 and 4.12 assess the relative importance of different effects in deter-
mining 7, as a function of the Ge profile shape and the Ge dose, respectively, for

the retrograde doping profile. The relative importance of the effect ‘X’ is measured

mp(effect ‘X’ is neglected)
(all effects considered} ~

the effect ‘X’ is. Pig. 4.11 shows that the effect of plasma-induced BGN is more

The closer this ratio to unity, the less important

by the 7, ratio

significant when the shape of the Ge profile is box-like rather than triangle-like,
which is consistent with the difference between Fig. 4.9 and Fig. 4.10. Fig. 4.12
indicates that the effect of plasma-induced BGN is very significant in the case of
a Si BJT (i.e. zero Ge dose) and becomes less prominent when the Ge fraction
near the collector of a triangular Ge HBT increases. A Ge-induced electric field
associated with a Ge fraction of 0.2 near the collector can reduce the adverse effect
of plasma-induced BGN to a 7 difference of 5%. Furthermore, both Figs. 4.11 and
4.12 confirm the importance of the electric-field dependency of D, in the presence

of the Ge-induced electric field.
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Plasma-induced bandgap narrowing is considered. J, =10°A/cm? R, = 5kQ/01,
Ve = 0,Npe =5 x 10¥cm™3, N, =9 x 10®cm=3. Uniform doping profile
(We = 29 nm,ya. =0.1724), Gaussian (W, = 54 nm,ya. =0.0926), exponen-
tial (W, = 83 nm,yac =0.0602), retrograde (W, = 26 nm,ya. = 0.1923, R, =
13 nm, N, =10°cm=3).



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION

162

1.4

—
N
T

- - — —
- ——
-
-
-

—
o
|

o
(0o}
T

T, (one effect neglected)
1,(all effects considered)

06 -

- —  yel. sat,
— - - plasma

—)

1 L

0.4
0.0

0.4
X /W,

0.2

0.6 0.8 1.0

Figure 4.11: Ratio of base transit time with one effect neglected to base transit
time with all effects considered vs. X1 /W), for a retrograde doping profile in a SiGe
base. J, =10°A/cm?, ye = 0, yac = 0.1923, Npe =5 x 108cm 3, Npe =9 x 10'%cm 3,
N, =10%cm 3, W, = 26 nm, R, = 13 nm.



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION

1.8

-t -—h —h
N I o))

-l
o

T, (one effect neglected)
T,(all effects considered)

o
®

o
o)

0.4

0.

163

J =10°A/em® —— D(N,n)
— ¢ — D(E) .
--~- HDE
A - — — vel. sat.
L S —-— plasma
\\\ 1
———————————— ’-‘f_-_‘—,—-:-___-:‘_—-——————
4 '/'/
p— / -
’/’
l/ )
- ’/'/ ‘l
~ Triangular Ge profile
00 0.05 0.10 0.15 0.20 0.25 0.30

Ge fraction near the collector (y, )

Figure 4.12: Ratio of base transit time with one effect neglected to base transit time
with all effects considered vs. Ge fraction at the collector edge of a triangular Ge
profile for a retrograde doping profile. J, =10°A/cm?, y. = 0, Npe =5 x 10¥cm3,
Nee =9 x 10*%cm~3, N, =10°cm™3,W, = 26 nm, R, = 13 nm.



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION 164

1 5

[ o —-— " v Uniform 14 g

T4 5 . — — Gaussian ] g
Q. 3 = — - - Exponential —
;l Jc 10" A/em Retrograde )
£ ~ =
- P~ . : -
"§ 3+ T~ with plasma- 13 B
@ - induced BGN 2
2 2
3 5
@ @
(2}

«

m

Ge dose (=y,. W, /2)

Figure 4.13: Base transit time and intrinsic base sheet resistance vs. Ge dose
of a trapezoidal Ge profile with X7/W, = 0.67 for different doping profiles.
Plasma-induced bandgap narrowing is comsidered. J, =10°A/em?, R, = 5kQ /0,
Ye = 0, Nje =5 x 10¥cm™3, Npe =9 x 10¥cm™3. Uniform (W; = 29 nm), Gaus-
sian (W, = 54 nm), exponential (W, = 83 nm), retrograde (W, = 26 nm, R, =
13 nm, N, =10%cm™3).



CHAPTER 4. DOPING AND GE PROFILE OPTIMIZATION 165

Figs. 4.13 shows how the base transit times of different doping profiles for
a trapezoidal Ge profile (X7/W;, = 0.67) vary with the Ge dose. The effect of
plasma-induced BGN is considered. Just as in the case of low injection, a Ge dose

(yacWhs/2) of 2.5 is sufficient to reach the near minimum 7.

4.6 Conclusions

An iteration scheme to calculate 7, for a given collector current density instead
of a base-emitter voltage has been developed in order to determine the optimal
doping profile and Ge profile in the neutral base for minimizing 7 of SiGe HBTs
under all levels of injection before the onset of the Kirk effect. We have adopted
a consistent set of SiGe physical models with parameters tuned to measurement
data, and included important effects such as the electric-field dependency of the
diffusion coefficient and plasma-induced bandgap narrowing in our study for the
first time. The iteration scheme has been verified by comparing its results with
simulation results reported in the literature. Using this iteration scheme in both
low- and high-injection regimes, we have compared, for the first time, base transit
times for a range of doping and Ge profiles with identical Ge doses, intrinsic base
sheet resistances, and base concentrations near the emitter. Based on the results

in Sections 4.4 and 4.5, we draw the following conclusions:

1. For the triangular Ge profile and the retrograde or uniform doping profile
considered, the base transit times in the low-injection regime do not differ

much from those in the high-injection regime before the onset of Kirk effect.

2. For the given Ge dose, Ge profile shape, Npe, and Rp, the retrograde rather

than the uniform doping profile gives the minimum 7.
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3. For the given Ge dose, Ny, and R;, graded Ge profiles with X7/W;, > 0.5

achieve the minimum (or near minimum) 7, for a retrograde doping profile.

4. For the retrograde doping profile and the trapezoidal Ge profile with X1 /W, ~
0.67 considered, Ge doses higher than ya W, /2 = 2.5 will not reduce n, effec-

tively.

5. The effect of the electric-field dependency of D,, is significant in the presence
of a Ge-induced electric field and must be considered when determining the

optimal Ge profile.

6. In the high-injection regime, the effect of plasma-induced BGN tends to in-
crease the base transit time. For a Ge dose ya.Wp/2 = 2.5, plasma-induced
BGN can increase the base transit time by ~ 70% for the box Ge profile with

the retrograde doping profile.

7. Whether one should take into consideration the effect of plasma-induced BGN
depends on the magnitude of the aiding Ge-induced electric field, which acts
against the retarding field associated with plasma-induced BGN. For the ret-
rograde doping profile in a HBT with the triangular Ge profile considered,
the effect should be accounted for if the Ge fraction is less than 0.15 near the
collector. The effect should also be considered if the Ge profile is box-shaped.



Chapter 5

Fabrication of SiGe HBTs by
high-dose Ge implantation and
solid-phase epitaxy with Si

amorphization

5.1 Introduction

The emerging SiGe technology has been shown to greatly improve the performance
of Si devices in high-performance circuits [211]. However, the success of this tech-
nology will depend on its ability to be integrated into the existing Si production
line. At present, device-quality SiGe growth is mainly realized by epitaxial de-
position techniques such as molecular beam epitaxy (MBE) [35], rapid thermal
chemical vapor deposition (RTCVD) or limited reaction processing (LRP) [45], at-

mospheric pressure chemical vapor deposition (APCVD) [46], low pressure chemical

167
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vapor deposition (LPCVD) [212], and ultra-high vacuum chemical vapor deposition
(UHV/CVD) [42]. Most of these techniques involve the introduction of a new pro-
cessing equipment in the production line. Some have low throughput (e.g. MBE).
Issues relating to integration, reliability, and downscaling are yet to be fully ex-
plored.

Alternatively, the technique of high-dose! Ge implantation with solid-phase epi-
taxy offers many attractive advantages.? This technique easily allows multiple
selective growth of SiGe regions and is fully compatible with the existing Si facili-
ties. Several attempts [214-222] have been made to fabricate SiGe-base HBTs by
this new technique. Fukami et al. [214] managed to show transistor action but no
heterojunction characteristics could be demonstrated. Both surface defects caused
by the high-dose Ge implantation and end-of-range extended defects at the original
amorphous/crystalline interface were observed. Based on the work of Fukami et al.,
Gupta et al. [215] improved the current gain of the HBT up to 110 (versus 100 for
the Si BJT). However, the current gain enhancement was caused more by the nar-
rower base width (80 nm versus 130 nm in Si) than by the 7 at.% Ge presence, i.e.,
no heterojunction characteristics could be confirmed. Just like the case of Fukami
et al., surface defects and end-of-range extended defects were observed. Ma [216]
successfully demonstrated the heterojunction effect of the base-collector junction
but did not observe any transistor action. Dopant profile obtained by Secondary
Ion Mass Spectrometry (SIMS) showed that the arsenic profile overdiffused into
the base, resulting in a large emitter junction depth too close to the end-of-range

extended defects near the original amorphous/crystalline interface.

'In this work, the phrase “high-dose™ refers to an implantation resulting in a peak concentration
of at least 5 atomic % of the Si substrate, i.e. 2.5 x 10?'cm™3.

2A review of this technique can be found in [213].
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Better electrical characteristics were then demonstrated by Lombardo et al. [217—
219]. Their SiGe HBT achieved a current gain larger than the Si BJT by a factor of
2.67. However, it is still questionable as to the origin of the enhancement because it
was also shown that the base width of the SiGe HBT is smaller than that of the Si
BJT by a factor of two. Even if the current gain did arise from the heterojunction
effect, it is clear that the Ge leverage was not fully exploited. More recently, the
enhancement of the collector current was reported by the same group [220, 221].
Again, since base width reduction due to the Ge presence was also shown, it be-
came difficult to confirm the heterojunction characteristics. Although a bandgap
narrowing of 27 meV was estimated by a temperature-dependent current measure-
ment, both the temperature dependency of the electron mobility and the effect of
dopant ionization were not considered when interpreting the measured data. This
renders the claim of the heterojunction effect questionable. Using the technique
of Ge implantation, Mitchell et al. [222] fabricated SiGe HBTs of both n-p-n and
p-n-p types. Transistor action was shown only by the p-n-p SiGe HBT and no het-
erojunction characteristics shown by either type. In fact, a collector-emitter leakage
was observed in the n-p-n SiGe HBT due to enhanced arsenic diftusion. Also, hair-
pin dislocations extending from the original amorphous/crystalline interface to the
surface were found in the regrown SiGe region.

Since it has been shown that extended defects near the device junctions can
adversely affect the device performance (223, 224], it is beneficial to use a high-
energy Si amorphization step to push the original amorphous/crystalline interface
(created during the high-dose Ge implantation) and the associated end-of-range
(EOR) extended defects farther away from the base-collector junction [225, 226].
However, no studies, using the high-dose Ge implantation followed by the solid-
phase epitaxy and a high-energy Si amorphization to realize SiGe HBTs, have been
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reported.

In this chapter, a brief report of the electrical characteristics of Si BJTs, SiGe
HBTs, and SiGe HBTs with Si amorphization fabricated by the high-dose Ge im-
plantation and solid-phase epitaxy is presented. Due to limited resources, this
aspect of the research could not be pursued to its logical end; however, certain
original experimental results are presented here. In particular, transistor action of

the SiGe HBT with Si amorphization is reported for the first time.

5.2 Goal of the experiment

The goal of this experiment was threefold. First, to demonstrate the feasibility
of fabricating a SiGe HBT without introducing any new processing equipment.
Second, to demonstrate heterojunction effects of the SiGe HBTs fabricated by high-
dose Ge implantation and solid-phase epitaxy, with or without Si amorphization.
Third, to see if the Si amorphization step can improve the D.C. characteristics of
SiGe HBTs fabricated by high-dose Ge implantation and solid-phase epitaxy only.

In order to fairly compare the three types of transistors (Si BJTs, SiGe HBTs,
SiGe HBT's with Si amorphization), they were fabricated side-by-side in the same
dice to minimize the effects of possible processing deviations. Figure 5.1 shows the
schematic of a cross sectional view of the three types of transistors. Figure 5.2
shows how the Ge implantation, Si amorphization, and solid-phase epitaxy steps

are incorporated into a polyemitter Si BJT fabrication process.
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Figure 5.1: Schematic of a cross-sectional view of Si BJT, SiGe HBT, and SiGe
HBT with Si amorphization.

Wafer Temperature Time

1 700°C 30 min
2 800°C 30 min
3 900°C 30 min
4 1000°C 30 sec
5 1050°C 30 sec
6 1100°C 30 sec

Table 5.1: Conditions used in the first annealing step (Note: all annealing steps
were performed in a N, ambient).
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Figure 5.2: Fabrication process flow.

5.3 Device fabrication

Six 3-inch (100) Nepi on N4 wafers were used as the starting materials. The Nepi
layer is 1 pm thick with a doping density of 7 x 10'%cm™>. Except implantation,
all fabrication steps were performed in the SiDIC Lab at the University of Water-
loo. Ounly n-p-n transistors were fabricated. All transistors have the same lateral
dimensions (an emitter area of 15 x 150 pm?). Two annealing steps are required
in the fabrication process: solid-phase epitaxial growth, and dopant drive-in and
activation. Wafers were subjected to different conditions of the first annealing step.
A brief summary of the process steps and details of the Ge implantation are given
in the following. Details of other process steps can be found in Appendix D.
First, a steam oxide was grown and windows for Ge implantation were opened.

Wafers covered with photoresist were then sent to Implant Sciences for Ge implan-
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tation ("*Ge, 190 keV, 3.5 x 10'®cm™2). An implant current density of 1.25 pA/cm?
was used. The backsides of the wafers were coated with APD Cry-Con thermal
grease to improve the thermal conductivity to the sample holder and the temper-
ature of the wafers was monitored and kept below 125 K at the specified implant
current density®. It has been found that lowering the substrate temperature can
reduce end-of-range defects* [227,228]. The thermal grease at the back was then
removed. Photoresist on the front was stripped off using a “piranha” etch (7:3
H,S04:H.0,) fouowed by a hot stripper. Wafers were cleaned using the conven-
tional RCA recipe. Then, a low-temperature oxide was deposited in a LPCVD
system at 410°C in the SiDIC Lab at the University of Waterloo. The low deposi-
tion temperature ensures that no solid-phase epitaxy can take place until the first
high-temperature annealing step. Windows were then opened for Si amorphization.

2 were used. Again,

For the Si implant, an energy of 200 keV and a dose of 10'cm™
the same low-temperature setup used for the Ge implantation was employed for
the Si implantation. Photoresist stripping and wafer cleaning then followed. The
high-energy Si implantation will locate the initial amorphous/crystalline int_erface
around 0.38 pum from the silicon surface {229]. In other words, the end-of-range
extended defects remaining after the solid-phase epitaxial growth can be kept far-

ther away from the depletion layer of the base-collector junction. Fig. 5.3 shows

the Ge profile generated from the profile simulator PROFILE CODE developed by

3Although it is possible for the Ge implantation to be performed at room temperature as
it is argued that the subsequent low-temperature high-dose Si implantation will re-amorphize
the substrate anyway, there has been no comparison studies on the differences between results
obtained from the two different wafer temperatures during Ge implantation.

1This is expected because as the substrate temperature is lowered, ion-beam-induced recrys-
tallization is suppressed and a thicker amorphous layer can be formed. A thicker amorphous layer
implies a deeper original a/c interface, leading to a smaller number of excess Si interstitials that
form the end-of-range defects.
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Figure 5.3: Simulated as-implanted Ge profile (190 keV and 3.5 x 10%cm™? ) from
PROFILE CODE.

Implant Sciences. The corresponding peak at.% is estimated around 6.7. Fig. 5.4
shows the net doping profiles from TSUPREM simulations for Si BJTs on wafer
#3.

The remaining steps include the base, collector and polyemitter formations, and
the Al sputtering for metallization. After boron (20 keV, 2 x 10%cm™?, tilt=7°,
room temperature) was implanted for the base formation, the wafers were subject
to the first annealing step for the solid-phase epitaxial growth (see Table 5.1 for de-
tails of annealing conditions). Then, emitter windows were opened and polysilicon
was deposited at 585°C in a LPCVD system. Collector windows were opened and

arsenic was implanted (120 keV, 2 x 10cm ™2, tilt=7°, room temperature) to form
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wafer #3.
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the collector and to dope the polysilicon. Polysilicon was patterned and low tem-
perature oxide was grown. In order to drive in and activate the arsenic for emitter
formation and break up the oxide at the polysilicon/mono-silicon interface, a rapid
thermal annealing step at 1050°C for 30 seconds was performed in a N, ambient.
Aluminum was then sputtered and patterned on the front side of the wafers, fol-
lowed by sputtering on the back side for backside collector contacts. Since devices

will be probed one at a time, no isolation between devices is required.

5.4 Experimental results

Gummel plots and common-emitter output characteristics were measured by two
Keithley 236 Source Measure Units at room temperature. Most of the transistors
showed poor characteristics and hence are not reported here, although considerable
effort was expended in studying them including failure mode aralysis. Transistors
on wafer #3 show relatively better characteristics and their electrical characteristics
are summarized as follows. Figure 5.5 shows the Si BJT Gummel plot and Fig.
5.6 shows the output characteristics of Si BJT. Figs. 5.7 and 5.8 show the I-V
characteristics of the emitter-base and collector-base junctions of SiGe HBTs. Fig.
5.9 shows the output characteristics of SiGe HBTs with Si amorphization. While
SiGe HBT with Si amorphization shows transistor action for the first time, its
performance is not very satisfactory. Due to resource limitations, these studies
could not be taken to logical conclusions. Further experimentation and refinements

are needed which would probably be left for future work.
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Figure 5.5: Typical measured Gummel plots of Si BJTs.
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Figure 5.6: Typical measured output characteristics of Si BJT.
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Figure 5.7: Typical emitter-base junction characteristics of SiGe HBTs.
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Figure 5.8: Typical base-collector junction characteristics of SiGe HBTs.
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Figure 5.9: Typical measured output characteristics of SiGe HBT with Si amor-
phization.
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5.5 Conclusions

SiGe HBTs, with and without Si amorphization, have been fabricated side-by-
side with Si BJTs. Transistor action is shown by Si BJTs. SiGe HBTs without
Si amorphization show no transistor action nor heterojunction effects. Transistor
action of SiGe HBTs with Si amorphization is reported for the first time even
though no heterojunction effect can be confirmed.

Further experimentation is required to improve the characteristics. Studies of
dopant diffusion in implantation-formed SiGe and defect characterization of im-

planted SiGe would be helpful in further refinement of process architecture.



Chapter 6

Conclusions

Three topics related to SiGe HBT's have been studied. The first topic involved two
vertical base profile optimization studies for improving the frequency performance
of SiGe HBTs. In the first study, we mapped out important factors that impact
the performance of the Ge profile in minimizing the contribution of the emitter and
base delay times to the transition frequency in the low-injection regime. A new
emitter delay time expression that allows a finite effective recombination velocity
at the metal/poly-Si interface was derived. For the first time, a fixed Ge dose was
adopted as the constraint, with non-quasi-static effects taken into account, in an
optimization study.

We found that the detailed shape of a retrograde doping profile can have great
influence on determining the optimal Ge profile in minimizing the total emitter and
base delay time contribution to fr. In particular, a retrograde base doping profile
tilted toward the emitter-base junction will favor the choice of a less graded Ge
profile. We also confirmed that the advantage of a graded Ge profile over a box Ge
profile is greater for shallower emitter junctions, especially when non-quasi-static

effects are considered. The main result of the study was: a graded Ge profile is still
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more effective than a box Ge profile in minimizing the emitter and base delay time
contribution to fr for SiGe HBTs with typical emitter and base dimensions, i.e., an
emitter junction depth smaller than 0.15 ym and a metallurgical base width larger
than 30 nm.

In the second base profile optimization study, we compared the base delay time
for different combinations of the base doping and Ge profiles in both low- and high-
injection regimes before the onset of Kirk effect. We have presented a new iteration
scheme that calculates the base delay time for a wide range of collector current
densities instead of base-emitter biases. This is the first study which adopts iden-
tical Ge doses, intrinsic base resistances, and base concentrations, as optimization
constraints, together with the effect of plasma-induced bandgap narrowing taken
into consideration.

Three main results were obtained in the second optimization study. First, for the
triangular Ge profile with the retrograde or uniform base doping profile considered,
the base delay times in low-injection (e.g. J. =10° A/cm?) and high-injection (e.g.
J. =10% A /cm?) regimes do not differ much before the onset of Kirk effect. Second,
for the given Ge dose (equivalent to the total content of a uniform Ge profile
of 19 at.% over a neutral base of 26 nm), intrinsic base resistance (~ 5kQ/0),
and base concentration near the emitter (Npe = 5 x 10¥cm™3), graded Ge profiles
(X7/W, > 0.5) together with a retrograde doping profile achieve the minimum
(or near minimum) base delay time. Third, for the graded Ge profile (trapezoidal
profile with X1 /W, = 0.675) considered, Ge doses higher than the equivalent Ge
content of a uniform profile at 10 at.% across a base of 25 nm will not effectively
reduce the base delay time.

The results from the two base profile optimization studies are of particular

importance to a SiGe BiCMOS process where only a limited amount of Ge can be
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incorporated into the base for maintaining the thermal stability of the SiGe layer.
These results can serve as starting points for choosing the appropriate base doping
and Ge profiles to improve the high-frequency performance of future generations of
SiGe HBTs.

The second topic in this thesis involved the analysis of the retrograde portion
of a retrograde doping profile in a SiGe base with a graded Ge profile in the low-
injection regime. We discovered a longstanding error in the derivation for a set of
analytical base delay time expressions in the literature. We corrected the mistake
and developed a new set of closed-form analytical expressions for the base delay
time. Our expressions take into consideration important physical effects such as
the built-in electric field caused by the non-uniform base doping profile, heavy
doping effects, Ge-induced bandgap narrowing, and both the doping and the field
dependencies of the electron diffusivity. One of the contributions arising from this
analysis is the assessment of the relative importance of these physical effects in
determining the base delay time.

We found that the adverse effect of the retrograde portion of the retrograde
base profile considered was over-estimated by the incorrect analytical expressions.
For a Ge grading of 13.5 at.% over a base of 50 nm, a peak doping concentration
of 10®cm™3, and a retrograde region of 15 nm wide, the base delay time increases
by ~ 20 % (versus 71 % predicted by the incorrect expressions) when the base
concentration near the emitter drops from 9.5 x 10 to 5 x 10*"cm™>. This result
will be of interest to researchers who adopt the retrograde base doping profile to
reduce the capacitance and tunneling leakage current of the emitter-base junction
in a SiGe HBT with a high base peak concentration.

The results from assessing the relative importance of the physical effects men-

tioned above showed that the field dependency of electron diffusivity has great
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impact on determining the base delay time. This is especially true in the case of a
high Ge grading across the SiGe base. For a Ge grading of 10% across a retrograde
base of 50 nm, the effect of the field dependency of electron diffusivity can make
a difference of ~ 30% in the base delay time. This confirms the similar finding
obtained in the second optimization study for minimizing the base delay time in
both low- and high-injection regimes. In addition, we found from the second op-
timization study that the effect of plasma-induced bandgap narrowing should be
considered for a SiGe base graded from 0 near the emitter to less than 0.15 near
the collector in the high-injection regime. These findings are useful for modelling
purposes.

The third topic of this thesis involved the fabrication of SiGe HBTs by high-dose
Ge implantation, Si amorphization, and subsequent solid phase epitaxy. Transistor
action of SiGe HBTSs fabrication by high-dose Ge implantation and solid-phase
epitaxy, with Si amorphization, is reported for the first time.

As a final remark, the work presented in this thesis has only dealt with a few
of many important issues relating to SiGe HBTs. For example, the problem of
optimizing emitter and base profiles in the emitter-base depletion layer was not
considered. The base profile optimization study for minimizing the emitter and base
delay time contribution to the transition frequency, with non-quasi-static effects
considered in the high-injection regime, was not discussed. In addition, more novel
Ge profiles, for instance, Ge profiles with different Ge gradings in more than two
base subregions, can be considered in the optimization studies. Regarding the SiGe
HBT fabrication, structural characterization for dopant distributions and extended
defects can be attempted. After all, the research area of SiGe HBTs is vast. It is
hoped that the studies in this thesis have made a meaningful contribution to the
rapidly growing field of SiGe HBT technology.



Appendix A

General formulation for SZ"j

Recently, Rinaldi [109] proposed a general formulation of the effective recombi-
nation velocity at the poly/mono-Si interface (S,) to clarify the similarities and
differences between various poly-emitter models. The key to his formulation is the
re-consideration of the current continuity at {wo interfaces: one between the poly-
Si and the interfacial oxide (z = W,,,) and the other one between the interfacial
oxide and the mono-Si region (z = W/,,) (see Fig. A.1). This Appendix shows how
equations (2.10), (2.19) and (2.27) arise from Rinaldi’s general formulation.

For the current continuity at z = Wep,
Ji = JpZ(W'cm) + Jpr(Mm) (Al)

where Jpo(Wep, ) is the hole current injected into the poly-Si region; J,.(Wem) is the
hole recombination current due to the traps at the poly-Si/oxide interface; J; is the

tunneling and/or thermionic-emission current across the interfacial oxide.
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poly-Si oxide
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Figure A.l: A schematic of current flows at the poly-Si/oxide/mono-Si interfaces.
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Parameters Definition

Shpoly Effective recombination velocity with respect to the poly-Si bulk region
Sp Effective recombination velocity at the poly-Si/mono-Si interface

S; Interface recombination velocity at the oxide/mono-Si interface

Sip Interface recombination velocity at the poly-Si/oxide interface

Tis Interface blocking factor at the oxide/mono-Si interface

g
S

Interface blocking factor at the poly-Si/oxide interface

Table A.1: Definitions of poly-emitter model parameters

For the current continuity at z = W, _,

Tot (W) = Ji + Jor (Wern) (A.2)

where J,-(W/,.) is the hole recombination current due to the traps at the oxide/mono-
Si interface; J,; (W,,,,) is the hole current injected from the mono-Si region into the

interfacial oxide layer.

The five current components in (A.2) and (A.1l) can be expressed as follows:

Jo2(Wem) = qSpatype(Wem)

Jor(Wem) = qSipp2(Wem)

Ji = q[Tisp1 (W,,) — Tipp2(Wem)] (A-3)
Jor(Wi) = 4Sispi(Wern)

Jor (W) = ¢Spp1 (Wem)

where p; and p, are the hole concentrations in the mono-Si and poly-Si region,
respectively, and the definitions of Spoty, Sip, Siss Sp, Tis, and T;p, are listed in Table
Al

By making different assumptions on the relative importance of the each possible

current gain mechanism mentioned in Chapter 2, various polyemitter models assign
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different expressions to the model parameters. The parameter Spory encapsulates
the transport property in the poly-Si bulk. S;, and S5;, model recombination at
the two interfaces. T;, and T;, model the tunneling and/or barrier effect due to
the interfacial oxide. Finally, the parameter S, encapsulates the overall effect due
to the presence of the poly-Si region and the interfacial oxide layer. Substituting
(A.3) into (A.2) and (A.1) gives:

T:s(Spoty + Sip)
Sl — S{s + s\~ poly | d A4
P Spoly + S{p + CZ"ip ( )
p2(Wem) Tis .
= A.D
pl(VVém) I‘ip + Spoly + Sip ( )

Substituting (A.5) into (A.4) yields:
Wem
Sp = Sea b LS (S, 4 53) (A.6)
If Tis = Tip and S;; = Sip, then (A.4) reduces to:
1 1 -t

—_— A7
= Sis + (T 5o +5£3) (A7)

which is equation (18) in Yu et al. 's model [106]. Yu et al. also set T3, and T,-p to v.a
where v, is the collection velocity and « is the tunneling probability T’c—kr‘ [120].
As observed by Post et al. [98], T, and T;, take on different expressions in various

polyemitter models.
For Suzuki’s model [108] (on which our derivation is based), S, is set to zero,

T:p and T}, are assumed to be much greater than Spuy, and Ti, /T, is equated to
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the tunneling probability [120]. Equations (A.5) and (A.6) then become:

prWem) _ Loy _ e (A.8)
n(W.,) T, 1—CkkT o
’ P2(Wem
SP = Sis + W—%Spoly (A.g)

Recognizing i—_—f;:—';cT as «, (A.8) and (A.9) can be written as:

PZ(W;m)
= =" A.l0
2 (W2,) (8-10)
and
S; = S{s + aSpoly (A.ll)

which are (2.10) and (2.27), respectively, in Chapter 2 with S;; = S,. Since 5;, = 0,
the hole recombination current at the poly-Si/oxide interface (Jpr(Wem)) becomes

zero, therefore (A.2) and (A.1) can be combined into:

Tt (Wem) = Jor (W) + Jp2(Wer) (A.12)

which is (2.19) in Chapter 2 if J,-(W,,,) is simply written as Jp,.
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Derivation for equation (3.26)

Take (3.26) as an example. Substituting (3.23) and |E| = Vr £[In(n.(z))] (Note.
E < 0 in regions II & III for @ > 0) into (3.21) gives:

To b g(') ﬂog-! T
Th2 = / noz(z) /W 2 nafie & dz dz + [t no2(z)dz
o . D} (z)n,(2) Sno3(Wh)
T2 We d=z We dno( f::l og(:L‘)d(B
=/x ne2(7) . DL(z )no(z)dx_'- s/n Roa(® )/ ni(z )d T+ Sngz (W)
2 We d= 1 [* " f:lz nez(z)dz
= / T2 $)/ Dl (Z no( - Z‘/;l nog(:z:) z dTI.o (Z)d$ -+ —‘~———Sno3(Wb)
Wy -~ 1 T2 fxz nog(:r:)d:z:
= e S -1 =l R
= f nal@) [ s i [ (o)l () - n (e +
_ /r?- no2(T) i dz z — J2 noa(z)de + 270 Jzr no2(z)dz
" Ja ). Dl(2)ne(z) vsma3( W) vs Sro3(Ws)
(B.1)

Similarly, (3.25) and (3.27) can be obtained.
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Appendix C

Physical models for electron

transport in SiGe

This Appendix reviews the most recent and consistent physical models for de-
scribing the electron transport in SiGe, with the focus on how these models were
developed in a consistent manner from both measured data and theoretical studies.
In particular, Sokolic and Amon’s framework of interpreting the collector current
data will be adopted [205] since it accounts for the lower effective densities of states
in the energy bands of SiGe due to the strain-induced energetic splitting and the
change in the hole effective mass [230], and the Fermi-level shift associated with
the use of the Fermi-Dirac statistics in the case of a heavily doped base [231].

From Chapter 2, the collector current density of a SiGe HBT in the low-injection
regime is written as:

Jc,Sx'Gc = W, e 1
‘];) Dn,Sx‘Geﬂo + Sno(wb)

(C.1)

Assuming negligible velocity saturation at the collector junction (i.e. § — o0),
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J. sice becomes:

q eVeel/Vr
Jc,S:'Ge = W, N (02)
j;’ Dy, siGent, dz

because n, = nZ/Ny. To relate the profile information to J. sige, the effective

intrinsic electron concentration n;. is expanded as follows [205]:

n =n? exp Akf_:g) (C.3)

with the apparent bandgap narrowing

V 1Ge<¥Yu, SiGe
AE, =AE, ype + AE,g. + kT In (‘ e5iGe Nu.sic
' NcsiNy si

Nb _ .’Vb
w47 (70) =7 (w0
Nu.SiGe z Nv.SiGc

The notation F;! denotes the inverse function of Fermi-Dirac integral of order 1/2.
2

(C.4)

The quantity N, sice(NVv.sice) is the density of states in the conduction (valence)
band of SiGe. The first two terms of (C.4), AE, ypr and AFE,g., denote the
bandgap narrowing due to the doping and the Ge presence, respectively. The last
two terms account for the reduced effective densities of states due to the Ge, and
the Fermi-level shift associated with Fermi-Dirac statistics, respectively.

Under the compressive strain caused by the lattice mismatch between Si and
Ge, energy band splitting occurs in both the conduction and the valence bands of
SiGe [232]. The effective density of states in the conduction band of SiGe (N, sige)
can be approximated as 2NV, s; since the lower fourfold degenerate states after split-
ting are Si-like as long as the Ge fraction is less than 0.85 [233] (as the ellipsoidal

constant energy surfaces are unchanged to first order under strain [232]). However,
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the situation for the effective density of states in the valence band is more com-
plicated and will be discussed later. Regarding the heavy-doping induced bandgap
narrowing (AE, gpg) in SiGe, Poortmans et al. [234] have predicted a difference
of ~ 5 — 10 meV larger than the Si value for base doping less than 10°cm~3and
Ge fraction less than 0.2. Their prediction is in agreement with the experimental
data obtained by photoluminescence [235]. Since the accuracy of experimental pro-
cedure is ~ 10 meV, it is reasonable to assume that the doping-induced bandgap
narrowing in Si and SiGe are practically the same [205].

In short, in order to model J. s;g. accurately for different base doping and Ge
profiles and operating temperatures, one has to first obtain the physical models for
D, sice, AEgGey Ny sice, and AE; gpg over a wide range of Ge fraction, doping con-
centration, and temperature. In fact, many experimental studies have attempted
to extract AE, g. as a function of the Ge fraction by DC measurements on SiGe
HBTs with uniform base doping and Ge profiles. Assuming uniform doping and
Ge profiles in the base (i.e., Dy sige and nj. are position-independent), J; sige from

(C.2) becomes:

~_ gnlDasice Ve
Jasice = TaDesicecqp (122 (C5)

However, similar to the observation made by del Alamo et al. [236] for Si transistors,
DC measurements can only give information on the product nZ D, sige in (C.5) but
not the individual terms n? and D, sige- Even if nl could be extracted, it still
requires the knowledge of the N, s;ge in order to obtain AFE,g. accurately from
(C.4).

Therefore, a better method to consistently obtain the physical models AE, ypE,

Ny siGes D sice, and AEg g, is the following. First of all, AE; gpE is determined
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from DC measurements on Si BJTs. The collector current density of a Si BJT with

uniformly-doped base can be written as:

2 Vi
qn-D,, Si BE AE
g = T2t == g .
Je.s N, W, e:z:p( v ) ezp\ %7 ) (C.6)

where n; can be obtained from the recent Green’s model [71] and

N, _ Ny
A = v - 1
Ey = AE, ype + kT [ln (Nv,5i> ’.7";_ (Nu,s;)] (C.7)

with N, s; also taken from Green’s model. Based on Klaassen’s latest mobility
model [121,125] a new AE, ypr model which is independent of the Fermi-level
shift associated with the use of Fermi-Dirac statistics can be obtained from (C.6)
and (C.7) [206]. It should be noted the unified bandgap narrowing model obtained
consistently by Klaassen et al. (132] from Klaassen’s latest mobility model does
consider Fermi-Dirac statistics for heavily doped bases.

Secondly, Ny sice is determined from photoluminescence measurement at differ-
ent temperatures and used to extract D, sice from a set of temperature-dependent
measurements over a wide range of Ge fraction. Decoutere et al. [209] assumed
identical temperature and doping dependences of the the electron diffusivities in Si
and SiGe. Using Klaassen’s mobility model and N, sige Vv, siGe €xperimental values
from Poortmans et al. {237], and recognizing the limitation of Boltzmann Statis-
tics at high base concentrations, Decoutere et al. expressed Dy, sige as a product
of Klaassen’s dopant-dependent mobility value and a Ge-dependent multiplying
factor. They have shown that their D, sice model agrees well with the equivalent
mobility values obtained by Manku and Nathan'’s calculation [238] and Monte-Carlo
simulations of Hinckley et al. {239]. In Decoutere’s model, the electron mobility for
SiGe is always higher than that in Si for a Ge fraction less than 0.2. This is con-
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sistent with the physical picture because a higher out-of-plane (i.e. perpendicular
to the growth plane) electron mobility is caused by the population of the lowered
fourfold degeneracy of the conduction band valleys and the reduced inter-valley
scattering. As the Ge fraction is higher, the mobility will drop as a result of alloy
scattering [240].

Thirdly, taking into account the Fermi-level shift associated with Fermi-Dirac
statistics as shown in (C.4), using Decoutere et al. ’s D, s:ge model, the re-calculated
AE, ypre model, and their new N, sige model, Sokolic and Amon re-calculated
AE, . from a set of of DC measurements over a range of Ge fraction. They [205]
found that the extracted values of AE, g. agree well with those obtained from op-
tical measurement [69]. It should be noted that Green’s n? model was consistently
adopted in interpreting the measured data.

Finally, a few words on Sokolic and Amon’s N, s;ce model are in order. The
compressive strain in SiGe not only causes the energetic splitting between the heavy-
hole and light-hole valence bands and down shifting of the split-off band, but also
distorts the electronic structure of the valence band. This change in the valence
band results in a smaller hole effective mass m; and consequently a smaller N, sice-
Therefore, one needs to first determine m;(T, N, y) in order to model N, s;ce accu-
rately over a wide range of Ge fraction (y), doping level (/V}), and temperature (T').
Building upon the theoretical works on SiGe valence band structures by Manku and
Nathan [241] and Fu et al. [242], and incorporating the temperature dependence of
m3 from Green [71] and doping dependence of m; from Fu et al., Sokolic and Amon
managed to derive a m;(T, Ny, y) model [230] over a wide range of temperature,
base doping, and Ge fraction. This new m;(T, N;,y) model then leads to the new
N, sice model presented in [205], which agrees reasonably well with Poortmans et

al. ’s N sige Ny sice values [237] used previously in obtaining Dy, sige by Decoutere
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et al. . Such agreement strengthens the consistency of Sokolic and Amon’s set of

physical models for describing the electron transport in a strained SiGe layer.



Appendix D

Ge-implanted base and

polysilicon-emitter HBT process

This appendix includes the details of the fabrication process of a SiGe HBT formed
by high-dose Ge implantation, solid-phase epitaxy, and Si amorphization.

The starting materials are 3-inch Nepi on N4 Si (100) wafers. The N+ substrate
is 380 pm thick with a resistivity of 0.001-0.004 Q2-cm. The n-doped epitaxial (Nepi)
layer is 1 um thick with a doping density of 7 x 10%cm™3. Both the Nepi layer and
the N+ substrate are doped with arsenic. All steps except the implantation steps
were performed in the SiDIC lab at the University of Waterloo. The mask set,
named UW-108, consists of eight masks: germanium, silicon-post-amorph, base,
emitter, collector, poly, contact, and metal (numbered in this order). Details of the
process steps [243] are given in Tables D.1 and D.2. It should be noted that wafers

sent to Implant Sciences for implantation were covered with photoresist.
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Step | Parameters Comments
1 RCA I & II, HF dip Clean wafer surface
2 1100°C, 7 min, steam Oxide for patterning, 0.18 pum
3 8:1 BHF, mask #1 (Ge) Open window for Ge implant
4 Ge, 190 keV, 3.5 x10'%cm 2, tilt=0, | Implant Sciences
LN,
5 7:3 H,SO4:H202, hot stripper Strip PR by piranha etch
6 RCA I & II, HF dip Clean wafer surface
7 410°C, 40 min, 0.32 torr Oxide for patterning, 0.35 pm
8 8:1 BHF, mask #2 (51) Open window for Si amorphization
9 Si, 200 keV, 10%%cm ™2, tilt=0, LN, | Push EOR defects to 0.38 um
10 7:3 H,S04:H,0., hot stripper Strip PR by piranha etch
11 RCA I & II, HF dip Clean wafer surface
12 410°C, 40 min, 0.32 torr Oxide for patterning, 0.175 ym
13 8:1 BHF, mask #3 (base) Open base window
14 B, 20 keV, 2x 10 cm™2, RT, tilt=7° | Implant Sciences
15 hot stripper Strip PR
16 RCA I & II, HF dip Clean wafer surface
17 410°C, 20 min, 0.37 torr Oxide for patterning and annealing,
0.47 pm
18 see Table 5.1 Solid-phase epitaxy
19 8:1 BHF, mask #4 (emitter) Open emitter window
20 RCA I & II, HF dip Clean emitter surface

Table D.1: Fabrication process steps.
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Step | Parameters Comments

21 585°C, 40 min, 0.32 torr Polysilicon deposition, 0.36 ym

22 410°C, 20 min, 0.37 torr Oxide for patterning, 0.47 ym

23 8:1 BHF, mask #35 (collector) Open collector window

24 KOH, 55°C Etch polysilicon in collector

25 8:1 BHF Remove oxide in collector

26 As, 120 keV, 8 x 10%cm™2, tilt=7°, | Implant Sciences

RT

27 RCA I & II, HF dip Clean wafer surface

28 410°C, 20 min, 0.38 torr Oxide for patterning, 0.45 um

29 8:1 BHF, mask #6 (poly) Pattern polysilicon

30 KOH, 55°C Etch polysilicon

31 RCA I & II, HF dip Clean wafer surface

32 410°C, 30 min, 0.39 torr Oxide for patterning, 0.67 um

33 RTA, 1050°C, 30 sec, N, Drive-in, break up interfacial oxide,
dopant activation

34 8:1 BHF, mask #7 (contact) Open contact window

35 RCA I & II, HF dip Clean wafer surface

36 150W, 31.3% Ar, 5 mtorr Sputter Al| 1.8 pm thick

37 mask #8 (metal), 37°C, | Pattern metal

H,PO,/HNO;/H,C,0,

38 hot wash Clean wafer surface

39 wipe backside with HF Deglaze backside

40 150W, 32.1% Ar, 5 mtorr Sputter Al back contact, 0.66 um

Table D.2: Fabrication process steps (cont’d).
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