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Abstract: In this paper, the effect of Ge profile on the characteristics of an SiGe heterojunction bipolar
transistor (HBT) is investigated. The serious problem of the HBT structure is the formation of parasitic barriers,
due to the addition of germanium dopants to the base. Consequently the built in voltage will be increased, which
leads to an increment in the required voltage of the transistor operation. Effects of these barriers are reduced by
changing the Ge profile in the base. Moreover, by choosing the proper dopant structure, other specifications of
transistor, including current density, current gain and early voltage are improved. Finally the effect of base
width reduction on the performance of HBT is studied.
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INTRODUCTION

SiGe HBTs have a wide variety of advantages, including large current density and small transition times,
and using them in various applications, particularly in digital circuits is significant (Niu, 2002). Moreover
capability of HBTs to handle the high frequency signals makes them suitable for ultrafast circuits, RF systems
and other high power efficient circuits (Cressler, 1998). In recent years, SiGe HBTs have attracted more
attention in optical transmission and wireless systems, due to high speed and low power performance (Hu,
2010).

The model that has been studied widely is trapezoidal structure. Usually, the material that is used in this
structure is Si-SiGe. By using the germanium dopant at the base, the collector bandgap becomes narrower than
emitter. The gradual reduction of the bandgap causes the formation of a field. Consequently, transition through
the base accelerated and the frequency response is also raised. In this case germanium dopant gradually diffuses
through the base. This structure is shown as Si/Si;,Ge,/Si, regarding y as germanium mole fraction at the base.
Various parameters of such transistor, including current density and current gain are calculated (Neugroschel,
2000; Roenker, 2002; Pesic, 2001; Zebera, 2001).

Bandgap differences in various regions also result in the formation of parasitic barriers, which is the most
important limitation of the HBTs. When these transistors are used in forward bias, parasitic barriers lead to the
enhancement of the starting voltage which is needed to setup the transistor. Increasing the slope of Ge profile
causes the formation of more parasitic barriers. Therefore, with the reduction of dopant slope, parasitic barriers
can be avoided. However, this reduces the current density, significantly. Parasitic barriers appear in base-
collector junction too, but when transistor is used at forward bias, they can be neglected (Slotboom, 1991). In
trapezoidal structure, germanium dopant is linearly added around the base-emitter junction, until it reaches a
specific value, then it remains constant in the middle of the base, and finally approaches zero with a very sharp
slope around the base-collector junction (Fig.1-a). The model that has been studied a lot is an n-p-n transistor in
which the doping profile gets to 10% of the maximum value (Neugroschel, 2000).

In this paper, a new model is presented, in which by reducing the germanium dopant profile slope around
the base-emitter junction, parasitic barriers are diminished. Also transition of dopant gradient to the base-
collector junction which involves much less parasitic barriers in forward bias, leads to an increment in the
current density. In this model that has a stepped structure, germanium dopants with smaller slope are added to
base-emitter junction, the profile stays constant in the middle of base and then starts to increase with the same
slope until it gets 10% of doping profile value and finally approaches zero with a very sharp slope (Fig.1-b).

The reminder of this paper is organized as follows. Section II describes the proposed model. Results are
presented in section III. A brief summary is given in section IV.
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Fig.1: Heterojunction transistor structure.
a. trapezoidal.  b.stepped.
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I1. Proposed Model:
The germanium impurity around base-emitter junction is shown in Fig.2. The doping amount starts from
zero and is linearly increased with the slope m until it get a special value.
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Fig. 2: Germanium impurity around base-emitter junction.

In order to investigate the built in voltage causes by the parasitic barriers the calculations should be
done around the base-emitter junction. x, is due to the depletion region formed in base-emitter junction, in such
a way that it approaches zero as the applied voltage to the junction is increased. In this case the produced built in
voltage can be taken as a function of the dopants introduced to the base (Roenker, 2002):
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In this equation AE; is the difference of bandgap energy between base and emitter. 7; e, and n; ; are the

intrinsic carrier concentration and N, and N, are the donor impurity atoms for base and emitter regions,
respectively. AEg can be calculated from the following relation:

AEG :AEG,ge +AEG,dop (2)

Where AEg ,, is the bandgap energy difference due to the applied germanium doping, and can be written

as:
f(x) Xy Sx<x,

G,ge = ﬁ}(‘xr) X, =x= Xe (3)
JIy(x)=py(x)]  x.<x<x,
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Practical values show, when the amount of impurities is less than 10 percent, /=668 mev is the right choice
(Neugroschel, 2000). y(x) is the germanium impurity. And it is the function of the position.

y(x)=mx+n “4)
where m is the gradient slope, and # is the amount of y in x,.

AEG 4, is the bandgap energy difference due to the heavy doping effects (Zebera, 2001).

AE‘G,dop =a [ln(

N, .. N, .
A,]s\l]ge(x))+\/ln2( A’]S\l]gE(X))-i-b] (5)
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where a=9mev, b=0.5 and N;=10"" atom/cm3 are calculated (Zebera, 2001).
N,4(x) is the donor doping in base (Fig.3), and can be calculated by following equations:
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Fig. 3: Donor doping in base.

While calculating the built in voltage in base-emitter junction, the region around this junction is effective
(Prinz, 1991). For the sake of simplicity in the relation of Ny(x), b coefficient is taken zero. That way by
replacing relations 2 up 9 in relation 1 the built in voltage is calculated as:
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f

In this equation f'=-— and a'= a4 , where g is electron charge.
q q

Xy is a function of depletion region of the junction, and as far as the depletion region is a function of applied
voltage on base—emitter junction, x, is also a function of base-emitter voltage (Pesic, 2001).

Xo(Vpe)=a+bV,, +cV. +dv, (11)
The coefficients a,b,c and d are fitting parameters and their value depends on doping concentration in base.

Also these coefficients are the function of production technology.
The current density in any transistor can be calculated by the following relation:

% N, (x) v
g — A7 dx | exp(—X) ;
c=49 .[xo I’li2 (X)Dn,sige ’ KT ( )

D, g 1s the base region diffusion coefficient. The ratio of this coefficient to the case in which the
germanium doping amount is zero is as follows (Richey, 1997):

Dn,xige -
gzD_:Hloy (13)
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where ; is the average amount of Ge doping everywhere throughout the base.
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By replacing Ny(x), ni(x) and D, values in different regions, current density in comparison the case of zero
germanium doping profile can be calculated.
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where Di« Dy and D3 are the diffusion coefficient average in each region.
Dy =1+5mx, +10n (16)
D> =1+10mx, +10n (17)
D; =1+5mx, +5mx, +10n (18)
The coefficient k£ up to » can be determined as follows:
2
u:ﬂ 1__a + gm _f_m (19)
X, KT ) y(x,) KT
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The current gain can be regarded as the injected Ge doping to the base region. So that current gain in
comparison to the zero germanium doping profile can be calculated (Jiang, 2007):
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By considering the difference between ¢ , ¥ and AEg(x) in the different regions, the current gain ratio
is made up of three components.
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In addition to the previous factors early voltage depends on the mobility ( £), too.
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As long as the germanium doping profile is linearly diffused in base, &, to & (for zero germanium

doping) ratio is a linear function of average doping profile.

(28)
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I11. Results:

By considering numerical values, built in voltage, current density, current gain and early voltage are
investigated. These parameters evaluate for trapezoidal and stepped structures.

Substituting x,=0.1 um, built in voltage according to the doping profile slope changes can be calculated.

By considering the smaller value of x, in comparison to x, the mole fraction of germanium next to base-
emitter junction is small, therefore x, changes are not very effective on the built in voltage and the current
density, and are negligible. Assuming ideal condition and neglecting the base heavily doping effect and also
taking N, constant in base, built in voltage according to the slope of 10° ™ is variable from 0 to 0.6 volt
(Roenker, 2002).

But in nonideal case and considering all previously discussed effects, built in voltage increased. For slopes
less than 10°m, built in voltage reduces greatly and for slope changes more than 10°%”, built in voltage
remains unchanged. Therefore in order to reduce built in voltage, slope should be reduced. So that the stepped
structure is used, because in this structure the slope of doping changes around base-emitter junction is reduced.
But by reducing the slope of mole fraction, transistor approaches toward the homo-junction and current density
reduces greatly.

To compensate this reduction, base length should be increased to reach the same mole fraction in the higher
slope. But increasing base length leads to a higher device resistor. Assuming ideal condition, for the mole
fraction of 20%, current density ratio in room temperature can reach 100 (Slotboom, 1991). But assuming
nonideal condition, current density has a smaller value. In addition reducing mole fraction slope, results in a
reduction in carrier density. Therefore choosing an optimal situation in order to reduce the built in voltage and
reaching the desired current density, is very important. Assuming m= 5x/0°m’”, both goals can be
accomplished. In this case, built in voltage experiences a considerable reduction and a less reduction in current
density is observed.

As far as doping reduction causes current density reduction, to compensate this reduction applying some
changes in the doping structure is needed. Figure 4 shows the built in voltage value for trapezoidal and stepped
structure. As can be seen in this figure, stepped structure has a smaller built in voltage in comparison to
trapezoidal structure. Same condition x.=0.2 um, x,=0.3 um, should be provided in order to compare the current
density in both trapezoidal and stepped structure. Current density respect to zero germanium doping condition,
according to thermal changes is shown in figure 5. In the stepped structure, at high temperature the same
condition as the trapezoidal structure is provided. But in room temperature, the stepped structure has a higher
relative current density.
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Fig. 4: Built in voltage for trapezoidal and stepped structure.
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Fig. 5: Ratio of current density for trapezoidal and stepped structure.

Also figure 6 shows the ratio of current gain and figure 7 shows the ratio of early voltage for trapezoidal
and stepped structures. Stepped structure has a more ratio of current gain and more ratio of early voltage, too.
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Fig. 6: Ratio of current gain for trapezoidal and stepped structure.
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Fig. 7: Ratio of early voltage for trapezoidal and stepped structure.

With the reduction of transistor sizes, many factors change the transistor parameters, and their effects must
be investigated. To observe the effect of base width reduction on the built in voltage and the current density, the
transistor sizes are divided to 10. In this situation assuming x,=10nm, x.=20nm and x,=30nm, the slope changes
should be multiplied by 10, to reach the 10% mole fraction, so that m=5 x10°m™!. As mentioned earlier x, is a
function of the base-emitter junction applied voltage. x, value for implanted method is /2 nm and for
exponential method is 4nm (Pesic, 2001). In this case x, value is considerable in comparison to x, and can not be
neglected. In addition considering the increment of doping slope, 7 is enhanced, and should be mentioned in
calculations. Considering x, is larger than x, in implanted method can not be used in stepped structure.

By using the exponential method and assuming x,=4 nm, the value of n can be calculated 0.02. By
increasing the depletion region width, built in voltage is expected to increase. In addition, increasing » results in
the increment of relative current density. Figure 8 shows the built in voltage and figure 9 shows the relative
current density for base width of /00nm and 10nm.
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Fig.8: Built in voltage for base width of /0nm (narrow) and /00nm (wide).
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Fig.9: Ratio of current gain for base width of /0nm (narrow) and 100nm (wide).
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It is obvious that using exponential method for a small base width, result in incensement of built in voltage.
So that in order to reduce x,, more exact methods to control base doping should be used.

IV. Conclusion:

In this paper, the effect of different factors in an SiGe HBT investigated, and the proper slope of germanium
to optimize the built in voltage was determined. In addition, proposing the new structure, current density,
current gain and early voltage was improved.
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