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Designing power heterojunction bipolar transistors
with non-uniform emitter finger lengths to achieve
high thermal stability*
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With the aid of a thermal-electrical model, a practical method for designing multi-finger power heterojunction
bipolar transistors with finger lengths divided in groups is proposed. The method can effectively enhance the thermal
stability of the devices without sacrificing the design time. Taking a 40-finger heterojunction bipolar transistor for
example, the device with non-uniform emitter finger lengths is optimized and fabricated. Both the theoretical and the
experimental results show that, for the optimum device, the peak temperature is lowered by 26.19 K and the maximum
temperature difference is reduced by 56.67% when compared with the conventional heterojunction bipolar transistor
with uniform emitter finger length. Furthermore, the ability to improve the uniformity of the temperature profile and
to expand the thermal stable operation range is strengthened as the power level increases, which is ascribed to the

improvement of the thermal resistance in the optimum device. A detailed design procedure is also summarized to

provide a general guide for designing power heterojunction bipolar transistors with non-uniform finger lengths.
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1. Introduction

In many high-power circuit applications, hetero-
junction bipolar transistors (HBTs) employ the mul-
tiple fingers structure with uniform emitter finger
length to spread the current and to dissipate the heat.
However, the self-heating effect caused by the power
dissipation and the thermal-coupling effect among
emitter fingers result in an uneven temperature profile
and give rise to the thermal instability of the power
HBTSs, which confines their power handling capability
to a level considerably lower than the electronic lim-
itation. Therefore, enhancing thermal stability has
become a critical issue for the power HBTs.[' =4

In order to improve the non-uniformity of the
temperature profile and to enhance the thermal sta-
bility, the structure with non-uniform emitter finger

(5,6]

lengths has been used. By decreasing the lengths

of the center emitter fingers, the heat caused by the
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power consumption in the central region is reduced
markedly. At the same time, as the thermal coupling
effect only comes from one direction for the outmost
fingers, these side emitter fingers are more efficient
for spreading heat, therefore, the lengths of these side
emitter fingers could be increased moderately to keep
the total emitter finger length unchanged. For the
HBT with several fingers, such as 10 fingers, the de-
sign of non-uniform emitter fingers is straightforward.
However, for the device with dozens of fingers, assign-
ing a different length for each finger will become non-
trivial and time-consuming.

In this paper, based on a thermal-electrical model,
a relative convenient and quick method to design the
emitter finger lengths in groups is presented. The de-
sign can effectively enhance the thermal characteris-
tics of the multi-finger power HBTs. Taking a 40-
finger HBT for example, a detailed procedure to de-
sign an HBT with non-uniform emitter finger lengths
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is presented. Furthermore, the optimum 40-finger
HBT was fabricated and the temperature profile and
the common-emitter current (Ic)-voltage (Vpg) char-
acteristics were measured. Both the simulation and
the measurement show that the optimum device could
improve the thermal stability effectively, thus confirm
the feasibility of the practical design method.

2. Thermal-electrical model

Before designing the structure with non-uniform

finger lengths, a thermal-electrical modell”—?!

is ap-
plied to calculate the temperature profile of the multi-
finger HBT. Figure 1 shows the three-dimensional
schematic diagram of a power HBT with K emitter
fingers, where L, W and d are the chip sizes in the
directions of x, y and z, respectively. Considering the
non-uniformity of the temperature in a given emitter
finger, each one is divided into M} x Nj heat-source
cells, each with coordinates of x ;; and yx ;; in the k-
th emitter finger (k=1,2, ...,
of [ and w. The current and the temperature are as-

K) and with geometry

sumed to be uniform on the surface of each individual
heat-source cell.

heat source
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Fig. 1. The three-dimensional schematic diagram of a

multi-finger power HBT.

In a steady state, the temperature profile of the
device can be determined with the heat flow equation

V2T (x,y,2) =0, (1)

and the appropriate boundary conditions

T| —d — TOa (2)
orT
Kth 8 fp(x,y), (3)
z2=0
N - (4)
Ox =0,L
oy, (5)
dy y=0,W

where the bottom of the chip (2 = d) is fixed at the
ambient temperature Ty (300 K in our study), the

heat source is assumed to be located on the top sur-
face (z = 0),
input power density on the chip’s top surface, which

p(z, y) is a distribution function of the

is zero except at the fingers where the device power is
dissipated and Ky, is the thermal conductivity of the
substrate materials.

With a separation of variables, the analytical
solution for the heat flow Eq. (1) can be obtained
with the appropriate boundary conditions given by
Egs. (2)—(5). Most often we are interested in the tem-
perature profiles on the top surface. Therefore, only

the expression for the top surface temperature T'(z, y,

0) is given:
T(z,y,0)
2w oo K ]V[k Nk p
k,ij
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LW |: " ;&Zl_] 1 Kth

X F(m7 kv Z?]) ' COS()\7’lI):|

K My Ny
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x G(n, ki, ) - cos(Am) - cos(uny)} }

tanh(vd)

F(m,k,i,j)

lwd N Dk, ij
T
i=1 j=
where
Am :mT‘—/Lv Hn :TUT/W 72 :)‘gn'i_//’?w

F(m, ki, j)=sin A (25,55 + 1/2)—sin A (2,45 — 1/2),
G(n, ki, j)=sin pi (i + w/2)—sin fin (Yie,i5 — w/2)-

Taking into account the positive temperature co-
efficient of I, which means that there is a negative
temperature coefficient for the base-emitter voltage
(¢), the expressions for the collector current density
(Jek,ij) and for the power density (pg,q;) of the (7, j)
heat-source cell in the k-th finger of the power HBT
are given by

Jek,ij = Jeo €Xp L[VBE — T (Tk,ij> Yk,ij» 0)
koTo
o 7
Dk,ij = Jek,ij - VOB, (8)
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where Jo is the saturation current, ko is the Boltz-
mann constant, ¢ is the charge of an electron, Vgg and
Vor are the voltages of base—emitter and collector—
emitter, respectively.

Considering the effect of thermal-electrical feed-
back, the
consistent iteration approach, is applied to solve
Egs. (6)—(8). We first assume that the collector cur-
rents in all the heat-cells are the same.

Gummel approach, namely the self-

A prelim-
inary temperature profile is evaluated with Eq. (6),
and the temperature profile is used to recalculate a
current distribution with Eq. (7). Afterwards, the up-
dated current distribution is used to recalculate the
temperature profile. The process is repeated until a
self-consistent solution exists simultaneously for both
the temperature profile and the current distribution.

3. Structure design

With the aid of the thermal-electrical model, the
top surface temperature profile in the active region
of a 10-finger HBT with total emitter stripe area of
40 pmx 10 pm and a uniform length of 40 um is calcu-
lated, which shows a higher temperature at the center
fingers (Fig. 2(a)). For the 10-finger HBT, the emitter
-+ Lo,
where Ls; and Lg denote the center lengths. Consider-

finger length values are assumed to be Ly, Lo, .

ing the symmetry, there are only 5 length values to be
assigned. If we designed a structure with non-uniform
length values (L1 = Lig = 50 um, Ly = Lg = 45 pm,
Ly = Lg = 40 um, Ly = Ly = 35 pum and Ly =
L = 30 um) and with vertical structure, total emit-
ter stripe area and total length identical to those of
the uniform one, the temperature profile is markedly
improved as shown in Fig. 2(b). The HBT with non-
uniform emitter finger lengths has a lower peak tem-
perature of 343.8 K, which is lowered by 24.83 K when
compared with that of the uniform one. Furthermore,
the maximum temperature difference of the top sur-
face is reduced by 53.51% and the fingers are operat-
ing nearly at the same temperature, which effectively
suppresses the positive current—temperature feedback
and hence improve the thermal stability of the power
device.

To design the fingers with non-uniform lengths for
an HBT with more than 10 fingers, assigning a differ-
ent value to each finger length such as the aforemen-
tioned approach becomes non-trivial and very time-
consuming. A relative easy and quick method to de-
sign the emitter lengths in several groups is proposed
to improve the uniformity of the temperature profile.
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Fig. 2. Temperature profiles for a 10-finger HBT (a)
with uniform emitter finger length and (b) with non-
uniform emitter finger lengths. The active region size
(55 umx 110 pm), total emitter stripes area (400 um?),
total finger length (400 pm) and the dissipated power
(0.5 W at Vog =5 V and I¢c = 0.1 A) are identical in
both figures.

Taking a 40-finger HBT for example, a detailed
procedure to design the emitter lengths in groups is
presented, wherein the device has an active region
size of 55x440 pum?, a total emitter stripe area of
40x40 pum?, and the same vertical structure as the
aforementioned 10-finger HBT. We start from a uni-
form length of 40 um for each finger, as shown in Ta-
ble 1(device A). First, considering the symmetry, there
are 20 length values to be designed. The length values
are assumed to be Ly, Lo, ..., Lyg, where Log denotes
the center finger length. Second, the 20 lengths are di-
vided into 5 groups. There are 4 lengths, which are
equal to each other, in each group. Clearly, there are
only 5 emitter lengths to be designed and the time
required to design the 40-finger HBT is close to that
for a 10-finger HBT. Considering that the structures
for the 40-finger and the 10-finger HBTs are similar,
the above mentioned optimum length values (50—45—
40-35-30-30-35-40-45-50 pum) for the 10-finger HBT
could be adopted to the 40-finger HBT. Letting the
values in each groups corresponding to the optimum
length values for the 10-finger HBT, we could present
the detail length values in Table 1(device B).
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Table 1. Emitter finger length values for two types of 40-finger power HBT's.

Emitter finger length values of 40-finger HBTs/um

Power HBT's
L1-Ly Ls—Ls Lo—Li2 Lis—Li¢ Lirr—L2o Loi1—Laga Los—Log Logo—L32 Lsz3—Lss L3r—Lao
Device A 40 40 40 40 40 40 40 40 40 40
Device B 50 45 40 35 30 30 35 40 45 50

The temperature profiles of 40-finger HBT's with
uniform finger length (device A) and non-uniform fin-
ger lengths (device B) are shown in Figs. 3(a) and 3(b),
respectively. Clearly, for device B, the peak tempera-
ture is lowered by 26.19 K and the maximum temper-
ature difference is only 31.87 K, which is reduced by
56.67% when compared with that of device A.
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Fig. 3. Temperature profiles for the 40-finger HBTs:

(a) device A, (b) device B. The active region size
(55 wm x 440 pum), the total emitter stripe area (1600 pm?),
the total emitter finger length (1600 pm) and the dissi-
pated power (2 W at Vog = 5 V and Ic = 0.4 A) are
identical in both figures.

4. Device fabrication

To illustrate the efficiency of the design method
in experiment, both devices A and B were fabricated
by the double mesa SiGe HBT process. Figure 4
shows the vertical structure of the fabricated SiGe
HBTs.
ness of 3.48 pm and a lightly doping concentration of

The collector region with a nominal thick-

1x10'6 cm~3 is designed to realize a high breakdown

voltage. A normal Ge doping (16%) is used to main-
tain a valence band offset between the emitter and
the base, which permits a high doping concentration
(2x10' em™3) to be employed in a thin (30 nm) base
region and still maintains reasonable current gain
In order to reduce the boron out-diffusion
during the chemical vapor deposition (CVD) and the
processing, intrinsic SiGe spacers (5 nm and 15 nm)

values.

== polysilicon
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~ collector emitter: n-Si 12 nm 1 x 1018 cm— 3"

2 x 10%° cm~3 16% Ge

collector: n-Si 3.48 pm 1x10® cm—3

3
base: i/p+/i SiGe 5/30/15 nm
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Fig. 4. The vertical structure of a SiGe HBT with multi-
ple emitter fingers.
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Fig. 5. Micrographs of the surface view of fabricated 40-
finger power SiGe HBTs: (a) device A, (b) device B.

074401-4



Chin. Phys. B Vol. 20, No. 7 (2011) 074401

are made adjacent to the base region during the epi-
The emitter
region is designed with a nominal thickness of 12 nm

growth of the SiGe base, respectively.

and a normal doping concentration of 1x10™ cm™3.
The double-mesa SiGe HBT process used in this paper
will not be described here; the reader is referred to the
previous publication'! for details. The micrographs
of the surface view of the fabricated devices A and B
are shown in Figs. 5(a) and 5(b), respectively.

5. Results and discussion

To check the improvement of the temperature
profile in device B, both temperature profiles of de-
vices A and B were measured with an infrared micro
imager. At the same time, considering that the maxi-
mum temperature of each finger is located at the cen-
tral region, both the experimental and the theoretical
results of the temperature profiles along the central
line across the multi-emitter fingers are presented in
Fig. 6 for comparison. The agreement of experiment
and theory is excellent, since variations of less than
5 K are found over the central lines of the active re-
gions for both devices. Moreover, the optimum length
configuration for device B yields an average tempera-
ture of 343.78 K across the multi-emitter fingers, with
a standard deviation of 7 K. The average tempera-
ture presents a 28.71-K decrease compared to the peak
temperature of device A.
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Fig. 6. Experimental and theoretical results of temper-
ature profiles along the central lines across the multi-
emitter fingers in devices A and B at the dissipated power
of 2W (Veg =5 V and Ic =04 A).

Furthermore, the measured temperature profiles
of the two devices along the central lines across the
multi-emitter fingers at different Ic’s are shown in
Fig. 7. Compared with device A, the improvement
of the peak temperature of device B is increased

from 6.94 K to 42.54 K, while the non-uniformity of
the temperature profile is increased from 38.41% to
55.27%, as I¢ increases from 0.2 A to 0.6 A. In other
words, device B with optimum length configuration
can effectively improve the temperature profile over
a wide range of collector currents (namely the power

levels).
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Fig. 7. Temperature profiles along central lines in devices
A and B under different I¢’s at Vog =5 V.

To check the thermal properties of the two de-
vices, the Ic—VpEg curves at different Vog's were also
measured by an Agilent 4155C. Figure 8 illustrates
the influence of Vog on the I¢—Vgg characteristics in
devices A and B. Note that the Ic—Vgg curves bend
to left as Vgg increases. The Ic—Vgg curve of de-
vice B is located at the right-hand side of device A
over the entire biasing range. Therefore, the thermal
stability of device B is superior to that of device A
over the entire biasing range. The improvement of
the thermal stability becomes more obviously as Vg
increases. Furthermore, it is also illustrated that Vgg
reaches a maximum value and regresses toward lower
values as I¢ increases at Vog = 9 V. In other words,
both devices are in thermal instability state. However,
the power level for thermal instability of device B is
still higher than that of device A.

The power levels of thermal instability (Ppc) in
two devices are measured at different Vog’s and are
shown in Fig. 9. The Ppc’s of both devices decrease
as Vg increases from 7 V to 10 V. However, the Ppc
of device B is higher than that of Device A over the
entire biasing range. To conveniently show the im-
provement of the Pp¢ in device B, the factor ¢ of Ppc
is defined as ¢ = (Pbcs — Poca)/Poca, where Ppca
and Ppcp are the power levels of thermal instability
of devices A and B, respectively. It is shown clearly
that ¢ increases as Vg increases from 7 V to 10 V,
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which means that for device B, the ability to enhance
the power level of thermal instability is strengthened.
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Base-emitter voltage/V
Fig. 8. Dependence of Ic—Vppg characteristics on

collector-current voltage Vog (at 3 V, 5V, 7V and 9 V).
Arrows indicate the regression points.
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Fig. 9. The comparison of the power levels of thermal
instability in devices A and B. Dependence of Ic—VBg
characteristics on collector-current voltage Vog (at 7 'V,
8V,9Vand 10 V).

The thermal resistance is also presented to com-
pare the thermal properties of the devices. The ther-
mal resistance Ry, defined by the following equation
shows the ratio of the increase of the junction temper-
ature to the power consumption:!*1l

Ry, = YOO Tos. )
cAVer

where AVpg and AV represent changes in Vg and
Vo with the power change while keeping Ic at a
constant, the value of ¢ can be experimentally de-
termined. In our fabricated SiGe HBTs, the typical
value of ¢ is —1.71 mV/°C, which is consistent with

the value given in Ref. [12].
In Fig. 10, the thermal resistance improvement
factor v of device B versus Vog at Ic = 0.4 A is pre-
sented, where v is defined as v = (Ripa — Rinp)/Rina

and Rina and Rinp are the thermal resistances of de-
vices A and B, respectively. It is shown that the Ry,
of device B is always less than that of device A, and
device B reveals a 10.44% to 28.44% reduction of Ry
as Vog increases. The decrease of Ry, in device B re-
sults in an increase in the regression points and hence
produces an expansion of the thermal stable operation
range.

Both the theoretical and the experimental results
show that the uniformity of the temperature profile
and the thermal stability of the power HBT are effec-
tively improved by designing the non-uniform finger
lengths in groups, which does not sacrifice the design
time. The detailed design procedure can be summa-
rized as follows.

1) Confirm the number of emitter length values
to be assigned. For an N-finger HBT, considering the
symmetry, the number of emitter length values is de-
creases to N/2 if N is an even integer, or (N +1)/2 if
N is an odd integer.

2) Divide the emitter lengths into several groups.
The length values in each group are equal to each
other. As a result, the number of emitter length values
is further decreased.

3) With the aid of the thermal-electrical model,
decrease the lengths of the center groups and increase
the lengths of the outside groups moderately while
keep the total finger length value unchanged. As a
result, the non-uniformity of the temperature profile
and the thermal stability of power HBT are effectively
improved and the design work is finalized.

40 T T T T T T T
o Thermal resistance/K-W ! i
Vo =35V Vog=5-TV Veg=T9V
A 31.0104 34.6484 52.8355
30 B 277716 20.3257  37.8073 * T
20 b

10} f :

3 4 5 6 7 8 9
Collector-emitter voltage/V

Thermal resistance improvement factor/%

Fig. 10. The thermal resistance improvement factor of
device B versus Vog at Ic = 0.4 A. The thermal resis-
tance of two devices at different Vog’s is also shown in
the insert table.

6. Conclusion

As the conventional method to assign a different
value to each finger length in multi-finger power HBT
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is non-trivial and time-consuming, a practical method
to design power HBTs with non-uniform emitter fin-
ger lengths in groups has been proposed. The design
can effectively improve the uniformity of the tempera-
ture profile and enhance the thermal stability. Taking
a 40-finger HBT for example, a detailed design pro-
cedure is presented without the non-trivial and time-
consuming design process. With the aid of a thermal-
electrical model, the temperature profile of the HBT
with optimum finger lengths (device B) is calculated,
which shows that the peak temperature is lowed by
26.19 K and the maximum temperature difference is
reduced by 56.67% when compared with that of the
uniform length one (device A). Furthermore, the opti-
mum 40-finger HBT is fabricated by the double mesa
SiGe HBT process. The agreement between the cal-
culated temperature profile and the measured one is
excellent. The common—emitter Ic—Vpgg characteris-
tics are also measured. And the power level of thermal
instability and the thermal resistance are also com-
pared for the two devices. Compared with device A,
device B with optimum non-uniform finger lengths al-
ways has smaller Ry, and reveals a 10.44% to 28.44%
reduction of Ry, asVcog increases. The decrease of
Ry, results in an increase in the regression points and
hence produces an expansion of the thermal stable op-
eration range which confirms the efficiency of the de-
sign method. The results of this work provide useful
guidelines for designing power HBTs with good ther-

mal stability over a wide biasing range.
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