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Abstract

This paper proposes two methods for enhancing thermal stability of a multi-®nger power heterojunction bipolar

transistor (HBT). The methods adjust either the spacing or length of emitter ®ngers to improve thermal stability. The

temperature rise at the device center of the space-adjusted HBT is suppressed by reducing heat ¯ow from adjacent

®ngers, and that of the length-adjusted HBT is suppressed by reducing heat generation in the region. A ®ve-®nger

AlGaAs/GaAs HBT is considered for numerical and experimental investigations. The results show that the method is

very e�ective in enhancing thermal stability; the temperature of the device center is reduced and the power level for

thermal regression is increased signi®cantly. When compared with an HBT which has emitter ®ngers of equal spacing

and length, the power level for thermal regression is increased by 34% for the space-adjusted HBT and by 67% for the

length-adjusted HBT. Ó 2001 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

AlGaAs/GaAs heterojunction bipolar transistors

(HBTs) are built on a semi-insulating GaAs substrate.

The thermal conductivity of GaAs is approximately 1=3

that of Si. Because of poor thermal conductivity, the

operation of an AlGaAs/GaAs HBT at a high power

level is limited by its thermal e�ects. The turn-on voltage

of an HBT with a single-®nger emitter is reduced when

the junction temperature is high. Consequently, the

collector current increases with the junction temperature

for a given base±emitter voltage VBE. For microwave

power applications, most HBTs use an array of emitter

®ngers to increase the power handling capability. The

operating current and voltage of HBT are pushed to the

limit to achieve a high power density, and the transistors

operates at an elevated junction temperature. The

maximum output power of a multi-®nger HBT is limited

by the current-gain-collapse phenomenon [1]. This phe-

nomenon occurs when the junction temperature is high.

For a multi-®nger HBT, the junction temperature of

each ®nger di�ers because the thermal conductivity of

the GaAs substrate is poor. Hotter ®ngers draw more

current than colder ®ngers and the junction temperature

of hotter ®ngers tend to increase, drawing more current.

This type of electro-thermal positive feedback causes the

collector current IC in the common-emitter I±V charac-

teristics to drops suddenly. The collapse loci, the col-

lector current as a function of collector±emitter bias

voltage VCE at which the collapse occurs, trace out a

curve nearly obeying a constant power law [1].

Many design techniques, such as the use of a thermal

shunt [2], a ¯ip-chip bonding structure [3], an emitter

ballast resistor [4], and a base ballast resistor [5], have

been investigated to increase the power level at which

the current-gain-collapse phenomenon occurs. When

a thermal shunt or a ¯ip-chip bonding structure is
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adopted, the heat transfer from the active device region

to a heat-sink located near the emitter ®nger is facili-

tated, resulting in a more uniform temperature distri-

bution between ®ngers. If a ballast resistor is connected

to either the base or emitter, it gives a negative feedback

to the base or collector current. The negative feedback

reduces the temperature di�erence between ®ngers and

prevents thermal instability. Along with these methods,

the length and spacing of emitter ®ngers are optimized

using an electro-thermal simulation [1,6,7].

Almost all power HBTs reported to the present have

emitter ®ngers of equal length and spacing, as shown in

Fig. 1(a). For this structure, the temperature of ®ngers in

the device center rises faster than that of other ®ngers

because the thermal coupling is higher in the device

center than in the device periphery. The heated center

®ngers draw more current and the temperature increases

further. For this reason, as the collector current in-

creases by increasing the base current, the base±emitter

voltage increases at a low collector current where the

thermal e�ects are insigni®cant, but it decreases at a high

collector current. The collector current (threshold cur-

rent) at which the base±emitter voltage begins to de-

crease is used as a criterion for onset of thermal

instability, and this criterion is called the regression

criterion [8]. This threshold current can be identi®ed

from a IC±VBE graph (regression loci). After the onset of

thermal instability, the current through the peripheral

®ngers decreases because more current ¯ows through the

®ngers in the device center. Because of this phenomenon,

the temperature of the peripheral ®ngers decreases al-

though the total power consumption increases (Table 1).

In this paper, two types of emitter structures, which

can enhance the thermal properties of a multi-®nger

HBT, are proposed. The structures of emitter ®ngers are

shown in Fig. 1(b) and (c). The spacing of the emitter

®nger is adjusted in Fig. 1(b) to reduce heat ¯ow from

adjacent ®ngers to the device center. The length of the

emitter ®nger is adjusted in Fig. 1(c) to reduce the heat

generation in the device center. Using a numerical

analysis, the spacing and lengths of emitter ®ngers are

determined, and HBTs of these structures are fabricated

and measured. An electro-thermal model of HBT and

the numerical results are given in Section 2. The HBT

fabrication processes and experimental results are given

in Section 3, and a conclusion is given in Section 4.

2. Thermal model and numerical analysis

For thermal calculation of HBTs whose emitter ®n-

ger layouts are shown in Fig. 1(a)±(c), a simple geo-

metrical model shown in Fig. 1(d) is considered. The

width of all emitter ®ngers is 2.5 lm and the total device

area is kept constant at 375 lm2 �5� 2:5� 30 lm2 for

Fig. 1(a) and (b) and 2:5� �38� 2� 26� 2� 22� lm2

for Fig. 1(c)). For all devices, ®nger #3 is located at the

center and the other ®ngers are located symmetrically

around ®nger #3. For the reference device (Fig. 1(a)), all

emitter ®ngers have length of 30 lm and all spaces be-

tween ®ngers are 30 lm. The area and thickness, d, of

Nomenclature

T0 temperature of heat-sink (300°K)

k�T � thermal conductivity

k0 thermal conductivity of GaAs at 300°K

Lx length in x-direction for numerical analysis

Ly length in y-direction for numerical analysis

d thickness of the substrate

JC collector current density

JC0 collector saturation current density

j Boltzmann constant

gC ideality factor

d electro-thermal feedback constant

Rth thermal resistance

Fig. 1. Structure of emitter ®ngers for a multi-®nger power

HBT: (a) reference, (b) space-adjusted, (c) length-adjusted de-

vices and (d) a simple geometrical model of HBT for thermal

calculation.

28 J.G. Lee et al. / Solid-State Electronics 45 (2001) 27±33



the substrate for numerical analysis are Lx � Ly �
300� 400 lm2 and 100 lm, respectively.

The structure of each ®nger is shown in Fig. 2. The

emitter is composed of an n�- InGaAs layer to improve

Ohmic contact, and n-GaAs/AlGaAs layers to form the

emitter region. The p�-GaAs layer forms the base and

the nÿGaAs and n±GaAs layers form the collector.

During operation, most of the collector current ¯ow

through the collector under the intrinsic emitter, and the

base±collector junction voltage is close to the emitter±

collector voltage. Therefore, it can be assumed that a

major heat source is located at the base±collector junc-

tion. Because the base±collector junction is located at

0.37 lm below the emitter surface, the temperature of

emitter surface is very close to the base±collector junc-

tion temperature.

The following heat transfer equation is used to cal-

culate the temperature pro®le:

r � k�T �rT � 0 �1�

where, k�T � is the thermal conductivity and T �x; y; z� is

the temperature at a position �x; y; z�. If all heat sources

are located at z � 0 plane, the temperature of a heat-sink

located at z � d is T0, and the heat ¯ows through side

walls are neglected, the boundary conditions for Eq. (1)

are given by

oT
ox

����
x�0

� oT
ox

����
x�Lx

� oT
oy

����
y�0

� oT
oy

����
y�Ly

� 0;

k�T � oT
oz

����
z�0

� ÿp�x; y; 0�;

T jz�d � T0;

where p�x; y; 0� is the density of power consumed at a

point �x; y; 0�. Because the thermal conductivity depends

on temperature for a semiconductor, the heat transfer

equation is nonlinear. The Kirchho� conversion equa-

tion is convenient to solve a nonlinear heat transfer

equation [9]. This equation converts a solution of a

linear heat transfer equation with a constant thermal

conductivity into a solution of the nonlinear equation

with a temperature-dependent thermal conductivity.

When the temperature dependency of the thermal con-

ductivity is given by [10]

k�T � � k0

T
T0

� �ÿb

; �2�

the Kirchho� 's equation

h � T0 � 1

k0

Z T

T0

k�T �dT

gives the following relation between the actual temper-

ature T �x; y; z� and the temperature h�x; y; z� obtained by

putting k�T � � k�T0� � k0:

T � 1

T bÿ1
0

�
ÿ �bÿ 1��hÿ T0�

T b
0

�ÿ1=�bÿ1�
: �3�

The constant b is 1.22 for GaAs.

For numerical analysis, the top surface of the struc-

ture given in Fig. 1(d) is divided into cells having an area

of Dx� Dy � 1� 1:25 lm2. If the thermal conductivity

is independent on temperature, the solution h for Eq. (1)

at the top surface is given by [1]
Fig. 2. The structure of an emitter ®nger for a multi-®nger

power HBT.

Table 1

A structure of epitaxial layer for AlGaAs/GaAs HBT

Composition Thickness (lm) Doping concentration (cmÿ3)

Emitter cap lnxGa1ÿxAs �x � 0:5� 0.02 2:0� 1019

Bu�er lnxGa1ÿxAs �0! 0:5� 0.02 0:5±2:0� 1019

Emitter GaAs 0.09 5:0� 1018

Emitter GaAs 0.07 5:0� 1017

Emitter AlxGa1ÿxAs �0:3! 0� 0.03 5:0� 1017

Emitter AlxGa1ÿxAs �x � 0:3� 0.07 5:0� 1017

Base GaAs 0.07 5:0� 1019

Collector GaAs 1.0 2:0� 1016

Sub-collector GaAs 0.6 5:0� 1018
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h�x; y; 0� � T0 �
XN

i�1

pi dDxDy
LxLyk0

 

�
X1

m;n�0

Kmn cos
mpx
Lx

cos
npy
Ly

!
; �4�

where, pi DxDy is the heat generated in the ith cell at

�xi; yi�, N is the total number of cells, m and n are inte-

gers, the constants Kmn are de®ned as

Kmn � Cmnpi

k0cmn
cos

mpxi

Lx
cos

npyi

Ly
tanh�cmnd�;

cmn � p

������������������������������������
m
Lx

� �2

� n
Ly

� �2
s

;

Cmn �
16

mnp2 sin mp Dx
2Lx

sin np Dy
2Ly

for m 6� 0; n 6� 0;
4 Dy
mpLy

sin mp Dx
2Lx

for m 6� 0; n � 0;
4 Dx
npLx

sin mp Dy
2Ly

for m � 0; n 6� 0;

8><>:
The solution for the nonlinear heat-transfer Eq. (1) is

obtained after inserting Eq. (4) into Eq. (3). However,

the dependency of collector current on temperature

should be given to determine the heat generated by each

®nger. A single-®nger HBT, which has the structure

shown in Fig. 2, has been fabricated and its collector

current versus base±emitter voltage characteristics are

measured at a temperature range of 300±450°K with a

step of 25°K. Using the measured data, the dependency

of collector current on temperature are obtained with

the following equation for collector current density JC

[11]:

JC � JC0 exp
VBE ÿ JCRE � d�T ÿ T0�

gCjT0=q

� �
�5�

where JC0 is the collector saturation current density, j
is the Boltzman constant, gC � 1:1026 is the ideality

factor, RE is the electrical resistance per unit area of

the emitter, and d � ÿoVBE=oT re¯ects the decrease

in VBE due to a temperature increase. The experimen-

tal constants JC0, RE, and d are extracted from the

Gummel plots (JC versus VBE plots) at di�erent tem-

perature.

For numerical calculation, it is assumed initially that

the collector current IC is distributed evenly to all ®ngers

and each ®ngers dissipates the same amount of power.

The initial pro®le of temperature is calculated by solving

Eq. (1), and corrections to JC for each ®nger are made

subsequently using Eq. (5). While calculating JC, VBE is

adjusted to give the same total collector current IC. After

calculation of JC, a new temperature pro®le is obtained

using

p�x; y; 0� � JC�x; y�VCE

which is the power density at each cell. These steps are

iterated until the changes in temperatures of every cell

are less than 0.1°K, and the ®nal JC and temperature

pro®le are obtained.

Using the above procedure, the lengths and spaces of

®ngers are optimized. For the space-adjusted device

(Fig. 1(b)), all ®ngers have the same length of 30 lm,

and the ®rst (between ®ngers #1 and 2) and the last

spaces are 20 lm, while the center spaces are 40 lm. For

the length-adjusted device (Fig. 1(c)), all the spaces be-

tween ®ngers are 30 lm, but the lengths of ®ngers are 22

lm for ®nger #3, 26 lm for ®ngers #2 and 4, and 38 lm

for ®ngers #1 and 5. For all devices, the total area of

emitter ®ngers is 375 lm2 and the distance between the

device center and outermost ®nger is kept constant to

62.5 lm.

The peak temperature versus power consumption

PDC is shown in Fig. 3. For the reference device (®lled

square), the peak temperature increases rapidly after

PDC � 235 mW and it becomes 450°K at PDC � 260 mW.

The space-adjusted (®lled circle) and length-adjusted

(®lled triangle) devices have the peak temperature of

400°K and 380°K, respectively, although PDC is in-

creased to 280 mW. These results indicate that the space-

adjusted and length-adjusted devices have better thermal

stability than the reference device. The reason can be

understood from Fig. 4, which shows the temperature of

each ®nger at a given PDC. At PDC � 110 mW (open

marks), the di�erences in temperature between ®ngers

are small. When PDC increases to 260 mW (®lled marks),

the average temperature increases for all devices. How-

ever, the space-adjusted ®ngers, and length-adjusted

devices show small temperature di�erences between

®ngers. The di�erence in temperature for the reference

Fig. 3. Peak temperature versus power consumption for the

reference (n), space-adjusted (d), and length-adjusted (m) de-

vices.
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device is approximately 110°K, while those for the

length-adjusted and space-adjusted devices are 8°K and

16°K, respectively. Because of the heat ¯ow from adja-

cent ®ngers, the temperature of the center ®nger for the

reference device is much higher than that of the other

®ngers. For the space-adjusted device, the heat ¯ow

from adjacent ®ngers to the center ®nger is reduced by

increasing the spacing between ®ngers. For the length-

adjusted device, the power consumption at the device

center is reduced by using short ®ngers. The tempera-

tures of ®ngers #1 and 2 of the reference device at

PDC � 260 mW are 340.5°K and 366°K, respectively.

They increase to 347.2°K and 368.7°K when PDC re-

duces to 240 mW (not shown in Fig. 4). These obser-

vations indicate that the current ¯ow at PDC � 260 mW

is concentrated to the center ®nger and the temperature

of the center ®nger is high enough to induce thermal

instability.

3. Experimental results

An epitaxial layer for device fabrication are given in

Table 1. It was grown on a semi-insulating (1 0 0) GaAs

wafer. The emitter consists of a 200 �A thick n�-In0:5

Ga0:5As emitter cap layer with doping concentration of

2� 1019 cmÿ3, a 200 �A thick n�-InxGa1ÿxAs

�x � 0:5! 0� graded layer with a doping concentration

of 5� 1018±2� 1019 cmÿ3, a 900 �A thick n�-GaAs and a

700 �A thick n-GaAs emitter bu�er layer with doping

concentrations of 5� 1017 cmÿ3,and a 700 �A thick n-

Al0:3Ga0:7As layer with a doping concentration of

5� 1017 cmÿ3. The 700 �A thick p�-GaAs base layer with

a doping concentration 5� 1019 cmÿ3 and a sheet re-

sistivity of 240 X/square. The collector consists of a 1 lm

thick n-GaAs layer with a doping concentration of

2� 1016 cmÿ3 and a 6000 �A thick n�-GaAs sub-collector

layer with a doping concentration of 5� 1018 cmÿ3.

The wet-etching chemicals are an H2SO4 solution for

GaAs and InGaAs etching and K2Cr2O7:H3PO4:

H2O� 0.625 g:150 ml:157.6 ml solution for AlGaAs/

GaAs selective etching. The InGaAs layer was wet

etched with the emitter electrode as a mask, and the

GaAs emitter layer was dry-etched selectively using

CCL2F2 plasma. The etch selectivity of GaAs with re-

spect to AlGaAs was better than 100:1. For self-align-

ment of the base metal, an undercut of �0.2 lm was

formed over-etching of the GaAs layer. The AlGaAs

layer was wet etched after deposition of a Si3N4 layer to

protect the InGaAs layer. After etching of the AlGaAs

layer, a self-aligned base metal was deposited. The GaAs

collector layers were wet etched using an H2SO4 solu-

tion, and the collector metal was deposited. The semi-

insulating GaAs substrate was wet etched for device

isolation. After isolation etching, a Si3N4 passivation

layer was deposited over the entire active area. The base

electrode was connected to a base pad using Au over the

Si3N4 layer, and the emitter electrode was connected to

the emitter pad using an air bridge. The contact metals

were a 1300/400/1600 �A thick AuGe/Ni/Au layer for the

n-type emitter and collector, and a 400/400/1000 �A thick

Ti/Pt/Au layer for the p-type base. To prevent etching of

the Au layer during RIE process, a 100 �A thick Cr layer

was deposited on the surface of the emitter electrode.

The alloy condition for ohmic contacts was 400°C for

20 s in N2 ambience.

To check the thermal properties of the fabricated

HBTs, the thermal resistance and regression loci are

measured. The thermal resistance de®ned by the fol-

lowing equation shows the rate of increase of the junc-

tion temperature with the power consumption [12]:

Rth � �1=d�DVBE

IC DVCE

: �6�

Here, DVBE and DVCE represent changes in VBE and VCE

when PDC changes, while keeping IC constant. The

electro-thermal feedback constant d depends on JC, and

its value is �1.4 mV °Kÿ1 for JC � 103 A cmÿ2 and �1.2

mV°Kÿ1 for JC � 104 A cmÿ2 [13]. The measured VBE of

the reference device for VCE � 4 V and IC � 40 mA,

which corresponds to JC � 1:1� 104 A cmÿ2 and d � 1:2
mV °Kÿ1, is 1.5178 V. When VCE increases to 6 V, while

keeping IC � 40 mA, VBE decreases to 1.4851 V, resulting

in Rth � 340:6°K Wÿ1. The thermal resistances measured

at the same conditions are 286.4°K Wÿ1 and

284.4°K Wÿ1 for the space-adjusted and length-adjusted

devices, respectively. These values correspond to 15.9%

and 16.8% improvement on Rth when compared to the

reference device.

Fig. 4. Temperature of each ®nger at PDC � 110 mW (�, s, M)

and PDC � 260 mW (n, d, m) for the reference (�,n), space-

adjusted (s,d), and length-adjusted (M,m) devices.
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When VCE changes from 6 to 8 V, while keeping

IC � 40 mA, the reference, space-adjusted, and length-

adjusted devices have DVBE of 0.043, 0.0306 and 0.0304

V, respectively. The corresponding Rths are 448°K Wÿ1,

318.7°K Wÿ1, and 316.7°K Wÿ1. When compared with

Rths measured at VCE � 4±6 V, the Rths for the space-

adjusted and length-adjusted devices increase a little at

VCE � 6±8 V, while that for the reference device increases

signi®cantly. The improvements on Rths at VCE � 6±8 V

for the space-adjusted and length-adjusted devices are

28.9% and 29.3% of that for the reference device, re-

spectively.

The regression loci are measured at VCE � 8 V and

shown in Fig. 5. The thermal collapse occurs at IC � 32

mA and PDC � 256 mW for the reference device, IC � 43

mA and PDC � 344 mW for the space-adjusted device,

and IC � 53 mA and PDC � 424 mW for the length-ad-

justed device. The base±emitter voltages at the regres-

sion point are 1.4437, 1.4497, and 1.4574 V for the

reference, space-adjusted, and length-adjusted devices,

respectively. The power levels at which the thermal

collapse occurs on the space-adjusted and length-ad-

justed devices are 34% and 67% higher than that on the

reference device.

4. Conclusions

To alleviate the thermal regression problems in a

multi-®nger power HBT, two types of emitter structures

are proposed; one has a space-adjusted ®nger structure

and the other has a length-adjusted ®nger structure. For

the space-adjusted device, the heat ¯ow from adjacent

®ngers to the center ®nger is reduced by increasing the

spacing between ®ngers. For the length-adjusted device,

the heat generation at the device center is reduced by

using short ®ngers. From numerical results for ®ve-®n-

ger HBTs, it is shown that the temperature di�erence

between ®ngers of the proposed devices is much lower

than that of a reference device, which have emitter ®n-

gers of equal length and spacing. The proposed devices

are fabricated and their thermal properties are mea-

sured. When compared with the reference device, the

thermal resistances of the space-adjusted and length-

adjusted devices are improved by 28.9% and 29.3%, re-

spectively. The power level of the space-adjusted and

length-adjusted devices for thermal regression is in-

creased by 34% and 67%, respectively. These results in-

dicate that the proposed structures are very useful for

improving the thermal properties of a power HBT.
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