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The thermal resistance matrix including self-heating thermal resistance and thermal coupling resistance is presented

to describe the thermal effects of multi-finger power heterojunction bipolar transistors. The dependence of thermal

resistance matrix on finger spacing is also investigated.

It is shown that both self-heating thermal resistance and

thermal coupling resistance are lowered by increasing the finger spacing, in which the downward dissipated heat path is

widened and the heat flow from adjacent fingers is effectively suppressed. The decrease of self-heating thermal resistance

and thermal coupling resistance is helpful for improving the thermal stability of power devices. Furthermore, with the

aid of the thermal resistance matrix, a 10-finger power heterojunction bipolar transistor (HBT) with non-uniform finger

spacing is designed for high thermal stability. The optimized structure can effectively lower the peak temperature while

maintaining a uniformity of the temperature profile at various biases and thus the device effectively may operate at a

higher power level.
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1. Introduction

For power heterojunction bipolar transistors
(HBTSs), a multiple emitter finger structure shown in
Fig. 1 has been widely used to spread the current and
the dissipated heat in which several emitter fingers
are arranged in the direction parallel to each other

[1.2] However, the

and finger spacings are all identical.
self-heating effect caused by the power dissipation and
the thermal-coupling effect among emitter fingers re-
sult in a higher temperature in the central fingers of
the device. Because of the positive temperature coef-
ficient of collector current, the central fingers will con-
duct more currents and generate more heat, which will
give rise to the thermal instability of power HBTs, 4]
and leads their power-handling capability to be con-
siderably below electrical limitation.[5~7]

In order to represent the self-heating and thermal
coupling effects, thermal resistance matrix ([R;;]) in-

cluding self-heating thermal resistance (R;;) and ther-
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mal coupling resistance (R;;(;;)) is proposed in the
paper.
is also studied. Furthermore, with the aid of [R;;],

the multi-finger power HBT with non-uniform finger

The dependence of [R;;] on finger spacing

spacing is designed to lower the peak temperature,
improve the non-uniformity of the temperature pro-
file and hence enhance the thermal stability of power
HBTs.
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Fig. 1. Three-dimensional schematic structure of a K-
finger power HBT.
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2. Thermal model

To account for thermal effects, a thermal network
of the multi-finger HBT with a ground-referenced
thermal voltage is shown in Fig. 2. In a multi-finger
HBT, one can assign a constant temperature to each
emitter finger (for example its average temperature).
Therefore, the self-heating effect in thermal network
can be represented as a parallel combination of R;;
and thermal current source (I;) (which represents dis-
sipation power (P;) within the i-th emitter finger) and
the self-heating temperature rise of the i-th finger is
denoted as Ts; (T's; = Rii x P, = R;; x I; x Vo). Fur-

T

Ts1

thermore, the thermal coupling effect is represented
as voltage sources summed in series with the thermal

coupling temperature rise

Ry Rii—1)
Toi = S Tg) 4+ 4 Tos
“ Ry ! Ry Sy
Rt Rix
4D Py 4+ T,
Ry 0 Rirk

where T¢; is the total thermal coupling temperature
rise of the i-th finger, R;y, (m=1,2, ...,i—1,i+1,

.., K) is the thermal coupling resistance which rep-
resents how finger m contributes to the temperature

rise of finger 1.
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Fig. 2. Thermal network of a multi-finger HBT by taking into account self-heating and thermal coupling

effects.

According to the thermal network of the multi-
finger HBT, the thermal model can be defined by

K
E:TSi+TCi+TO:ZRiij + T, (1)
j=1

where Tj; is the total temperature rise of finger ¢; P; is
the dissipated power delivered by finger j; [R;;] is the
thermal resistance matrix, which fully describes the
thermal properties of the device; R;; is a symmetric
matrix (where R;;=R;;) and it is determined by the
distance between emitter fingers and the thermal con-
ductivity of the substrate material. At the same time,
[Ri;] also has a marked effect on the temperature pro-
file of the HBT and it can be calculated by solving the
heat flow equation in a multi-finger device.

In a steady state, the heat flow equation is given

byl8=10]
V2T (2,9, 2) = 0. (2)

Combined with the three-dimensional schematic
structure of a multi-finger power HBT shown in Fig. 1,
the appropriate boundary conditions are presented as

follows:
T|,_q = To, (3)
oT
Ko —| = -pz,y), (4)
0z |,_,
T
87 =0, (5)
Ox z=0,L
T
87 =0, (6)
y y=0,W

where the bottom of the chip (z = d) is fixed at the
ambient temperature Tp (300 K in our study), the
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heat source is assumed to be located on the top sur-
face (z = 0) and p(x,y) is a distribution function of
input power density on top surfaces of the chip, which
is zero except at the fingers where the device power
is dissipated and Ky is the thermal conductivity of

substrate materials.

Ti(zi,yi,0) = ?Ué [);Ltanh(kmd) ; ]ih
+ % nij:l lul% tanh(p,d) g ]f
* % mzzmzl {Amxlmv
%é k; + T,
where

A7n:"n7"-/Lv /J/n:nﬂ-/VVv 72 :)‘371"_/’(‘317
F(m,i) =sin A\, (x; +1/2) — sin A, (2, — 1/2),
Gy 1) = S0t o (31 -+ 0/2) — sin o (35— 0/2).

According to Eq. (7), the temperatures of the two
(¢ and j) fingers T; and T; are first calculated under
the same power level. By increasing the power of fin-
ger j with AP;, a new temperature distribution is
calculated. Therefore, thermal resistance matrix [R;;]
including R;; and R;j(;»;) is obtained by using the
temperature rise of finger i, AT;,

AT;

Rij = X P, (8)

Taking a two-finger SiGe HBT for example,
R;j(ij) is calculated as a function of the finger spac-
ing and shown in Fig. 3. The total emitter stripe area
of the device is 400 um?, total collector current (I¢) is
30 mA and voltage of collector—emitter (Vog) is 5 V.
It is shown that R;j;»;) decreases as finger spacing
increases. Furthermore, for finger spacing larger than
10 pm, the trend of R;j(;»j) can be approximated by
an exponential function and R;j;.j) is lowered only
by 14 K/W with finger spacing increasing from 30 pm
to 50 wum, indicating that effective thermal coupling
exists only when the two fingers are very close to each
other. According to Eq. (1), the decrease of R;j;(;.)
is helpful for lowering the emitter finger temperature,

which sheds light on adopting non-uniform finger spac-

With the aid of the separation of variables, the
analytical solution of the heat flow equation (2) can
be derived under the appropriate boundary conditions
given by Eqgs. (3)—(6). The expression of the temper-

ature in the i-th emitter finger T;(x;, y;, 0) is given
agl11:12]

. F(m,1) - COS()\m%')}

. G(n’ Z) : COS(Mnyi)]

. F(m,i) - G(n,i) - cos(Am;) - cos(pnys)

(7)

ing structure to improve the thermal stability of multi-
finger power HBTs.

2201 —a— calculated results

—o— nonlinear curve fit results
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Fig. 3. Thermal coupling resistance (R;;(;«;)) versus fin-
ger spacing in a two-finger HBT. The trend of R;j;(;-j)
can be approximated as an exponential function (shown
in the figure) at large (> 10 pm) finger spacings.

3. Layout design

With the aid of the thermal model, [R;;] in a 10-
finger HBT (HBT-1) with a total emitter stripe area
of 400 um? and a uniform finger spacing of 10.8 pum
is calculated at I of 150 mA and Vog of 5 V. At
the same time, iterations are also used to calculate
T; and P; of the device.

there is an even collector current distribution across

First, it is assumed that

all fingers. Due to the thermal effects, the temper-
ature of each emitter finger can be calculated with a

temperature rise different from the others’. Because of
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the positive temperature coefficient of I¢; in Eq. (9),
the collector current is redistributed and leads to a
further non-uniform distribution of 7}.13] The above
steps are iterated until the final steady-state solutions
are reached. The steady-state results of T, R;; and P;
in HBT-1 are shown in Eq. (10). It can be seen that
due to the thermal effects, neither the power level nor
the finger temperature has a uniform distribution. In
other words, both of them have higher values in the
central fingers

Ici = Ico eXP{ Ve —¢(T(24,y:,0) — To)]} )
9)

where I is the saturation current, kg is Boltzmann’s

_7 [
koTo

constant, ¢ is the charge of electron, Vg and Vg are
the voltage of base—emitter and the collector—emitter,
respectively.

In order to lower the finger temperature of cen-
tral fingers and enhance the power level, the spacings
between central fingers are increased to lower R;j(;-j),

To further study the [R;;] distribution, the pro-
files of [R;;] in two types of devices are shown in

Figs. 4(a) and 4(b), respectively. It is shown obvi-

which can effectively suppress the heat flow from adja-
cent fingers. Meanwhile, the increase of finger spacing
also widens the downward dissipation heat path and
hence improves R;;. At the same time, considering
that the heat flow comes only from one direction of
the outmost fingers, the outside finger spacings can
be decreased moderately to keep the total finger spac-
ing unchanged. A 10-finger HBT with non-uniform
finger spacings of 7.8, 8.8, 10.8, 13.8, 14.8, 13.8, 10.8,
8.8, and 7.8 pm (HBT-2) is designed under the same
HBT-2 also has

an identical vertical structure, total emitter stripes

power density of the uniform one.

area and total spacing to those of the uniform one.
The correlated T;, [R;;] and P; are shown in Eq. (11).
The HBT-2 has a lower peak temperature of 328.15 K,
which is lowered by 3.76 K and the non-uniformity of
finger temperature is improved by 50.52%, when com-
pared with that of HBT-1. The maximum power level
difference of emitter finger is also improved by 51.33%.
All of them are ascribed to the optimization of [R;;].

[319.38 ]  [236.51 89.52 66.02 51.1 45.13 38.56 34.78 31.83 28.48 27.38 | [0.0627 |
324.7 89.52 234.31 87.39 64.34 49.8%8 43.89 38 341 31.68 28.48 0.07077
328.44 66.02 87.39 232.64 86.17 63.11 49.32 4321 37.85 34.1 31.83 0.07705
330.7 51.1 64.34 86.17 231.41 85.61 62.43 49.17 4321 38  34.78 0.08111
331.91 | _ [ 4513 49.88 63.11 85.61 230.73 85.46 6243 49.32 43.80 38.56 0.08337 1 273, (10)
331.91 38.56 43.89 49.32 62.43 85.46 230.73 85.61 63.11 49.88 45.13 0.08337
330.7 34.78 38  43.21 49.17 62.43 85.61 231.41 86.17 64.34 51.1 0.08111
328.44 31.83 34.1 37.85 43.21 49.32 63.11 86.17 232.64 87.39 66.02 0.07705
324.7 28.48 31.68 341 38  43.89 49.88 64.34 87.39 234.31 89.52 0.07077
31938 | [ 27.38 2848 31.83 34.78 3856 45.13 51.1 66.02 89.52 236.51 | | 0.0627 |
[321.95] [ 235.17 100.78 73.19 56.42 44.66 38.28 32.43 30.63 28.5 27.23 | [0.06829 |
326.49 100.78 233.13 98.48 65.26 49.74 40.8 34.64 32.19 29.87 28.5 0.07551
328.15 73.19 98.48 231.72 86.31 57.08 4546 37.38 34.86 32.19 30.63 0.07835
327.37 56.42 65.26 86.31 230.63 78.91 52.1 43.66 37.38 34.64 32.43 0.07706
326.61 | _ | 44.66 49.74 57.08 78.91 220.45 7377 521 4546 40.8  38.28 0.07579 | oo an
326.61 38.28 40.8 4546 52.1 7377 229.45 78.91 57.08 49.74 44.66 0.07579
327.37 3243 34.64 37.38 43.66 52.1 78.91 230.63 86.31 65.26 56.42 0.07706
328.15 30.63 32.19 34.86 37.38 45.46 57.08 86.31 231.72 98.48 73.19 0.07835
326.49 28.5 20.87 3219 34.64 40.8 49.74 65.26 98.48 233.13 100.78 | | 0.07551
(321.95 | | 27.23 285 30.63 32.43 3828 44.66 56.42 73.19 100.78 235.17 | | 0.06829 |

ously that the diagonal R;; is larger than R;j;.j).
At the same time, for HBT-1, the R;;(;»;) adjacent
to diagonal R;; is larger than the peripheral R;j;(;.;),
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which results in a higher temperature in the central
fingers. However, for HBT-2, by adopting optimum
non-uniform finger spacing structure, not only R;; of
each finger but also R;j(;x;) in the central fingers are
decreased markedly, which can effectively improve the

non-uniform distribution of 7; and P;.
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Fig. 4. Profiles of thermal resistance matrix [R;;] (/W)
of 10-finger HBTs with (a) uniform finger spacing (HBT-
1) and (b) non-uniform finger ( HBT-2) at I = 150 mA
and Vog =5 V.

As the voltage of collector—emitter Veg increases
to 7V, the calculated correlated T;, [R;;], and P; in
two devices are shown in expressions (12) and (13),
respectively, where a lower self-heating thermal resis-
tance and a more uniform [R;;] distribution are calcu-
lated in HBT-2 when compared with those of HBT-1.
The comparisons of P; values in two devices at dif-
ferent Ic values are presented in Fig. 5. It is shown
that for both devices, the difference in power level
between fingers is small at Vog = 5 V. As Vg in-
creases to 7 V, the differences in power level are obvi-
ous. The maximum power level difference for HBT-1

is approximately 75.4 mW, while it is only 27.8 mW

for HBT-2 with an improvement of 63.13% in uni-
formity of power level distribution. Figure 6 shows
the temperature profiles in two devices at different
Ver values. It is observed that for HBT-2, both the
maximum values and the uniformities of T; and P;
are significantly improved due to the improvement of
[Ri;]. Specifically, the improvement of the peak tem-
perature is increased from 5.3 K to 14.91 K, while the
non-uniformity of the temperature profile is improved
from 50.52% to 61.88% and more improvement in the
non-uniformity of 7; is obtained in the central 6 fin-
gers. It is evident that HBT-2 has a lower peak tem-
perature and more uniform temperature profile which

provides higher power-handling capability.

—a— HBT-1
0.14 —— HBT-2
L Ve =7V
;\ 0.12 F
< ~~ &
3 I eB/SB f~e—ao T\,
& o1f
]
% T VecE=5V \,
——
~0.08¢ B TS,
L ::? \I\;h
0.06 1 1 1 1 \!
0 2 4 6 8 10
Finger number 4
Fig. 5. Power levels of fingers at Vog = 5 V and

Veg = 7 V for the HBT with uniform finger spacing
(HBT-1) (W) and HBT with non-uniform finger spacing
(HBT-2) ().

380 ——HBT-1
v —5—HBT-2
~
= Ve =7V
®  360F . 3
z o7  —e—e—C &
2
g
g 340
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30 8 ﬁ\i’
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Fig. 6. Temperatures of fingers at Vop = 5 V and

Veg = 7 V for the HBT with uniform finger spacing
(HBT-1) (W) and HBT with non-uniform finger spacing
(HBT-2) ().
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4. Conclusions

To represent the thermal effects, the [R;;] of
multi-finger power HBTs including R;; and R;j(ixj)
is presented in the paper. The R;;(;»;) is calculated
with the aid of heat flow equation and it is shown that
R;j(i5) decreases as finger spacing increases, which
can be approximated by an exponential function. It
also sheds light on the improvement of the thermal
stability of the device with a non-uniform finger spac-
ing structure. Taking a 10-finger power HBT for ex-
ample, the non-uniform finger spacing structure is de-
signed. By increasing the spacing between central fin-

[341.58 ]  [267.79 101.36 74.74 57.86 51.09 43.66 39.38 36.04 32.25 31.01 | [0.06642 ]
351.55 101.36 265.3 98.95 72.86 56.48 49.69 43.03 38.61 35.87 32.25 0.08439
360.89 74.74 98.95 263.42 97.56 71.46 55.84 48.93 42.86 38.61 36.04 0.10536
368.74 57.86 72.86 97.56 262.02 96.93 70.69 55.67 48.93 43.03 39.38 0.12666
373.79 | _ | 51.09 56.48 7146 96.93 261.24 96.76 70.69 55.81 49.69 43.66 0.14216 T 273, (12)
373.79 43.66 49.69 55.84 70.69 96.76 261.24 96.93 71.46 56.48 51.09 0.14216
368.74 39.38 43.03 48.93 55.67 70.69 96.93 262.02 97.56 72.86 57.86 0.12666
360.89 36.04 38.61 42.86 4893 55.84 71.46 97.56 263.42 98.95 74.74 0.10536
351.55 32.25 35.87 38.61 43.03 49.69 56.48 72.86 98.95 265.3 101.36 | | 0.08439
| 34158 | [ 31.01 3225 36.04 39.38 43.66 51.09 57.86 74.74 101.36 267.79 | | 0.06642 |
[346.6 | [258.57 110.8 80.47 62.03 49.1 42.09 35.66 33.68 31.34 29.94 | [0.08635 |
354.99 110.8 256.32 108.28 71.75 54.69 44.86 38.08 35.4 32.85 31.34 0.10477
358.88 80.47 108.28 254.78 94.89 62.75 51.3 41.1 38.33 354  33.68 0.11415
357.7 62.03 71.75 94.89 253.58 86.76 57.20 48  41.1 38.08 35.66 0.11163
356.20 | _ 491 54.60 6275 86.76 252.27 81.11 57.20 49.98 44.86 42.09 010811 | oo (3)
356.29 42.09 44.86 49.98 57.29 81.11 252.27 86.76 62.75 54.69 49.1 0.10811
357.7 35.66 38.08 41.1 48  57.29 86.76 253.58 94.89 71.75 62.03 0.11163
358.74 33.68 354 38.33 41.1 49.98 62.75 94.89 254.78 108.28 80.47 0.11415
354.99 31.34 32.85 354 38.08 44.86 54.69 71.75 108.28 256.32 110.8 0.10477
1346.6 | [ 29.94 31.34 3368 35.66 42.09 49.1 62.03 80.47 110.8 258.57 | | 0.08635 |

gers, both R;; and R;;(;+j) are decreased, which ef-
fectively lowers the peak temperature and improves
the non-uniformity of the temperature profile when
compared with those of the uniform finger spacing
case. For the optimized device with non-uniform fin-
ger spacing, as Vog increases from 5 V to 7 V| the im-
provement of the peak temperature is increased from
5.3 K to 14.91 K, while the non-uniformity of the tem-
perature profile is improved from 50.52% to 61.88%,
indicating that the optimized device can effectively op-
erate at higher power level and provides higher power-
handling capability. Our research provides a useful
guide for designing thermal stable power HBTs.
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