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RF power performance improvement of multi-finger power bipolar
transistor by non-uniform emitter finger spacing design without

the use of emitter ballasting resistor

ZHANG Zheng， ZHANG Yan-Hua*， JIN Dong-Yue， NA Wei-Cong， XIE Hong-Yun
（Faculty of Information Technology，Beijing University of Technology，Beijing 100124，China）

Abstract：In this paper，the RF power performance and surface temperature distributions for a multi-finger power
hetero-junction bipolar transistor（HBT）with non-uniform emitter finger spacing（NUEFS）without the use of
emitter-ballasting-resistor（EBR）are measured，and are compared with a multi-finger power HBT with EBR.
The experiment results show that for the multi-finger power HBT with NUEFS，the highest surface temperature is
lowered，the uniformity of surface temperature distributions measured by US QFI Infrared TMS is improved，the
RF power gain and power-added-efficiency（PAE）are increased compared with the multi-finger power HBT with
EBR respectively. These results could be attributed to the improvement in positive thermoelectric feedback and
thermal coupling effects among the fingers，and the riddance of adverse impact from emitter-ballasting-resistor
used in traditional power HBT.
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免镇流电阻的非均匀发射极指间距设计
对多指功率双极晶体管射频功率性能的改善

张 正， 张延华*， 金冬月， 那伟聪， 谢红云
（北京工业大学 信息学部，北京100124）

摘要：对不添加镇流电阻的非均匀发射极条间距的多发射极条异质结双极晶体管（HBT）的射频功率性能和表

面温度分布进行了测量，并与常规采用镇流电阻的多发射极条功率HBT进行了比较。实验结果表明，对具有

非均匀发射极条间距的多发射极条HBT，采用US QFI TMS红外测量系统测得的最高表面温度、温度分布均匀

性以及采用射频测量系统测得的射频功率增益和功率附加效率，分别低于、好于和高于具有镇流电阻的多发

射极条功率HBT的情况。这些结果的取得，得益于采用非均匀发射极条间距改善了多发射极条HBT的热电

正反馈和不同发射极条之间的热耦合，以及摆脱了传统HBT加镇流电阻带来的对射频功率性能的负作用。
关 键 词：双极晶体管；射频；热稳定性；功率增益；功率附加效率；多指
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Introduction
Power bipolar junction transistor（BJT）and hetero-

junction bipolar transistor（HBT）usually employ multi⁃
ple emitter fingers in parallel to improve the current han⁃
dling capability，thermal dissipation capability and RF
power performance［1-4］. However，the self-heating effects

（SHE）caused by the power dissipation in every emitterfinger and thermal coupling effects（TCE）among emitterfingers result in the increase of temperature of HBTs andnon-uniformity of temperature distributions among emit⁃ter fingers，and as a consequence，the thermal stability，reliability and RF power performance will degrade signifi⁃cantly［4-8］. It is obvious that the entire device will fail if
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any single emitter finger fails. Particularly，the tempera⁃tures at the center fingers are hotter than outer fingers.Therefore it will draw much current due to the nature ofthe positive temperature coefficient of emitter current.Hence additional joule heating is generated，the mecha⁃nism is thus regenerative and it ultimately destroys thedevice. To inhibit positive thermoelectric feedback be⁃tween emitter current and temperature，and to improvethermal stability and increase current handling capabili⁃ty，the common method is to add a ballasting-resistor REat emitter so as to compensate for the variation of emitter-base junction voltage VBE by using voltage drop across
RE［7-12］. For examples，Schuppen A. et al. ［10］ designed10 fingers and 60 fingers power HBTs with uniform fingerspacing，in which the RE of 6 Ω is added at each emitterto improve thermal effects，the output power was 1W；Potyraj，P. A. et al. ［11］ reported multi-finger powerHBTs with uniform emitter finger spacing，the TiW bal⁃lasting-resistor RE was added at each emitter to improvecurrent handling capability；Ma Z. et al. ［12］investigatedthe effects of RE，base-ballasting-resistor RB，and non-ballasting-resistor on the thermal stability of three kindsof 160 fingers HBTs with uniform finger spacing，the re⁃sults showed that three types of HBTs were all thermallystable under VCE =3 V，the two types of HBTs with RB and
RE were thermally stable under VCE =4 V，but only theHBTs with RE was thermally stable under VCE =5 V，andtherefore the RE was proved to be more effective in ther⁃mal stability improvement compared with RB technique.However，the additional RE at emitter will degrade HBTRF power performance，such as power gain（Gp） andpower-added-efficiency（PAE）［8-12］no matter how to opti⁃mize the RE. As an alternative method，a non-uniformfinger spacing technique with large finger spacing in cen⁃ter fingers and small finger spacing in outer fingers formulti-finger HBTs can alleviate thermal coupling effects
（TCE）among emitter fingers due to the improvements inthermal flow distribution. Our previous works ［13-15］ re⁃vealed that the non-uniform emitter finger spacing
（NUEFS）technique is effective in lowering peak temper⁃ature and enhancing uniformity of the temperature profileamong emitter fingers compared with uniform emitter fin⁃ger spacing technique. As an extension of our previousworks，in this paper，a comparative study between twotypes of multi-finger power HBTs with NUEFS and emit⁃ter ballasting-resistor（RE）is performed to exhibit the su⁃periority of NUEFS technique in improvements of RFpower gain，power-added-efficiency（PAE），and temper⁃ature profile over emitter ballasting-resistor（RE） tech⁃nique. To the best of the authors’knowledge，the com⁃parative study on RF power performances of the two typesof multi-finger HBTs is not available in the literature.The paper is arranged as follows. In Section I，the mech⁃anism and disadvantages of the introduction of RE to im⁃prove HBT current handling capability are briefly ana⁃lyzed；the structure and layouts of two types of multi-fin⁃ger power HBTs with NUEFS and RE are shown in SectionII；the measurement results of surface temperature distri⁃butions by US QFI Infrared TMS，RF power gain（Gp），

collector efficiency （ηC） and power-added-efficiency
（PAE）are demonstrated in Section III；the conclusionsare given in Section IV.
1 Mechanism and disadvantages of the
introduction of emitter ballasting resistor
to improve HBT current handling capabili⁃
ty

For an HBT，emitter-base junction voltage VBE var⁃ies with temperature T. Figure 1 shows the measured VBEas a function of T under different emitter currents of 3mA，1 mA，100 µA and 10 µA respectively for our aSiGe HBT. The temperature coefficient（dVBE/dT）of VBEcan be obtained as -1. 53 mV/℃，-1. 59 mV/℃，-1. 76mV/℃ and -1. 92 mV/℃，respectively. The dVBE/dT is anegative value. Therefore，for an HBT，as the current in⁃creases， the temperature increases due to SHE andTCE. As a result，interior VBE decreases. Under externalbias keep unchanged，the emitter current will increase，which will further increase dissipation power and lead totemperature rise. Ultimately，the device will be burnedout if the measures to restrict the increase of current isnot taken.

In order to alleviate positive thermoelectric feed⁃back between emitter current and temperature，and pro⁃tect the HBT from thermal burn-out，it is common to adda ballasting-resistor REi at emitter as shown in Fig. 2 so asto compensate the variation of emitter-base junction volt⁃age VBE by using voltage drop across REi.To guarantee thermal stability of HBT within a cer⁃tain limit of emitter current（IE），the engineering regula⁃tion for ballasting resistor RE is as follows：when emitter-base junction temperature varies by ±5 K，the added REat emitter finger could able to restrict the variation of IEwithin ±5%，so the minimum emitter ballasting-resistor
REmin can be expressed as［8-9］

REmin = ΔVΔI =
5 × (dVBE /dT )
0.05 × IE = 100 dVBE /dT

IE
，（1）

Fig. 1 The measured emitter-base junction voltage VBE as a

function of T under different emitter currents of 3 mA，1 mA，

100 µA and 10 µA respectively

图 1 在发射极电流分别为 3 mA，1 mA，100 µA 和 10 µA下，

发射结电压与温度关系的测量结果
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where units of dVBE/dT and IE are mV/℃ and mA respec⁃tively.We can see that REmin is determined by thresholdemitter current（IE），it is only effective for an HBT tothermally stable operate under a certain of emitter cur⁃rent（IE）.However，on the other hand，the additional emitterballasting-resistor RE will degrade RF power performanceno matter how to optimize the RE. The parameters of pow⁃er gain（Gp）and power-added-efficiency（PAE），whichare employed to characterize RF power performance，arerelated to ballasting-resistor RE as follows：
Gp = poutp in =

fT
8πf 2 ( rb + RE )CTC ，（2）

PAE = pout - p in
pDC

= (1 - 1
Gp
) pout
pDC

= (1 - 1
Gp
)ηC ，（3）

where pout is RF output power，pin is RF input power，fT istransit frequency，rb is base resistance，CTC is collectoroutput capacitance，PDC is DC power，ηC=pout/PDC is col⁃lector efficiency.Therefore，Gp and PAE are degraded due to the exis⁃tence of RE. Furthermore，in order to guarantee the ther⁃mal stability of HBT within a certain of emitter current
（IE）and power，it is usually suggested that RE >REmin，this could further degrade Gp and PAE.
2 Structure and layouts of multi-finger
power HBTs

The schematic cross section of a cell of multi-fin⁃ger HBTs based on SiGe process and the material pa⁃rameters of various layers of the device are shown inFig. 3 and Table 1，respectively. The power HBTs isfabricated in Institute of Microelectronics， TsinghuaUniversity.Fig. 4 and Fig. 5 are the micrographs of the fabri⁃cated multi-finger power SiGe HBTs with polysilicon asemitter ballasting resistor and non-uniform finger spac⁃ing，respectively.
3 Measurement results and discussion

In this section，the measured surface temperaturedistributions by US QFI Infrared TMS，and the measuredpower gain（Gp），collector efficiency（ηC）and power-

added-efficiency（PAE） for two types of multi-fingersSiGe HBTs with non-uniform finger spacing（NUEFS）and emitter ballasting resistor（EBR） respectively areshown and compared.
3. 1 Surface temperature distributions measure⁃
ments of multi-fingers power HBTsThe surface temperature distributions measured bytemperature measurement microscope systems （TMS）from US quantum focus instruments（QFI）Corporationfor two types of multi-fingers HBTs with emitter ballast⁃ing resistor（EBR）and with non-uniform emitter fingerspacing（NUEFS） under IC＝800 mA，VCE＝5 V and

Fig. 2 The schematic diagram of an N-finger HBT，where REi is

the emitter ballasting resistor of the ith emitter finger［8-9］

图 2 具有N个发射极指的HBT的示意图，REi 是第 i个发射极

指上的镇流电阻

Fig. 3 The schematic-cross section of a cell in multi-finger

HBTs

图3 多指HBTs中一个单元的剖面示意图

Table 1 The material parameters of various layers for
SiGe HBTs.

表1 SiGe HBT各层的材料参数

Emitter
Base

Collector
Substrate

composition
Si

Si0. 84Ge0. 16
Si
Si

Thickness/nm
12
30

4. 4×103
1. 5×105

Doping concentration/cm-3
1×1018
2×1019
1×1016
1×1019

Fig. 4 Micrographs of the fabricated multi-fingers SiGe HBTs

with emitter ballasting resistor. （Note：polysilicon emitter bal‐

lasting resistors locate at root terminal of each emitter finger，see

the enlarged image）

图 4 制作的具有发射极镇流电阻的多指SiGe HBTs的显微照

片（注：多晶硅发射极镇流电阻在每个发射极指的根部，见局

部放大图）
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case temperature of TC=80℃ are shown in Fig. 6. Wecan see that the highest temperature is lowered and themaximum temperature difference is improved for theHBTs with NUEFS compared with the HBTs with EBR.Therefore，the temperature distribution uniformity is im⁃proved as expected. These results could be attributed tothe decrease of the heat flow from adjacent fingers to thecenter fingers by increasing the spacing between fingersin center region where the thermal-coupling effects arestrongest and the alleviation of non-uniform variation of
VBE with temperature T.
3. 2 RF power performance measurementsThe package and RF power measurements of twotypes of multi-finger power HBTs with non-uniform fingerspacing（NUEFS）and emitter ballasting resistor（EBR）are performed by The 13th Research Institute of ChinaElectronic Technology Corporation. The measurementsystem mainly consists of a power signal source，isola⁃tor，directional coupler，test fixture，attenuator，powermeter，bias power supply，and so on，as shown in Fig 7.The measured output power（pout）versus input power
（pin），collector efficiency（ηC）versus input power（pin），and power-added-efficiency（PAE） versus input power
（pin）for two types of multi-fingers SiGe HBTs with emitterballasting resistor（EBR）and non-uniform emitter fingerspacing（NUEFS）under class C operation and at the fre⁃quency of 1. 2 GHz are shown in Figs. 8~10，respectively.As shown，for the multi-fingers SiGe HBTs withEBR，pout increases with the increase of pin，but pout tendsto saturate. At pin=0. 9 W，the pout=1. 9 W，power gain Gp=3. 25dB，ηC=72%，and PAE=40%. For the multi-fin⁃gers SiGe HBTs with NUEFS，pout increases linearly withthe increase of pin and does not saturate. At pin=0. 9 W，the pout=4W，power gain Gp=6. 48dB，ηC=63%，and PAE=49%. The comparison between the HBT with NUEFSand the HBT with EBR indicates that the pout is increasedby 2. 1W. This is because that for the same RF inputvoltage signal，there is not voltage drop across RE in theHBT with NUEFS. Therefore，the current gain is im⁃proved，and the collector current ic is increased［16］. As aresult，the pout is increased according to the expression pout=ic2×RL ，where RL is output load impedance. Further⁃

more，Gp is increased by 3. 23 dB，ηC is decreased by9%，and PAE is increased by 9%. As expected the RFpower performance is improved.
4 Summary and conclusions

A comparative study of two types of multi-fingerpower HBTs with non-uniform emitter finger spacing
（NUEFS）and emitter-ballasting-resistor（EBR） is per⁃formed experimentally in terms of surface temperaturedistributions，RF power gain and power-added-efficiency
（PAE）. The experiment results show that for the multi-

Fig. 5 Micrograph of the fabricated multi-fingers SiGe HBTs

with non-uniform finger spacing

图5 制作的具有非均匀指间距的多指SiGe HBTs的显微照片

Fig. 6 Measured surface temperature distribution by US QFI In‐

frared TMS for (a) a multi-finger power HBT with emitter ballast‐

ing resistor, and (b)for a multi-finger power HBT with non-uni‐

form finger spacing under IC＝800 mA, VCE＝5 V and case tem‐

perature of TC=80 ℃

图 6 在 IC＝800 mA 和 VCE＝5 V 条件下，通过美国 QFI Infra‐

red TMS红外测量系统得到的（a）具有发射极镇流电阻的多指

HBT,（b）具有非均匀发射极指间距的多指 HBT 器件的表面温

度分布

Fig. 7 The block diagram of RF power measurement system

图7 射频功率测量系统方块图
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finger power HBT with NUEFS，not only the uniformity
of surface temperature distributions measured by US QFI
Infrared TMS but also RF power gain and power-added-

efficiency（PAE）is improved compared with a multi-fin⁃ger power HBT with EBR. These results could be attrib⁃uted to improvement in positive thermoelectric feedbackand thermal coupling effects among the fingers，and theriddance of adverse impact from emitter-ballasting-resis⁃tor used in traditional power HBTs.
Acknowledgment

This work is supported in part by the National Sci⁃ence Foundation of China（61774012，61574010）. Thechip is fabricated by The 13th Research Institute of Chi⁃na Electronic Technology Corporation. The authorswould like to thank Liu Yingkun，Gao Xuebang，CuiYuxing and He Dawei for the supports in chip fabricationand measurements.
References

［1］JIN Zhi，CHENG Wei，LIU Xin-Yu，et al. High current，multi-fin⁃ger InGaAs/InP hetero-structure bipolar transistor with ft of 176GHz
［J］. J. Infrared Millim.Waves（金智，程伟，刘新宇，等。红外与毫
米波学报），2009，28（2）：60-64.

［2］ZHANG Ao，ZHANG Yi-Xin，WANG Bo-Ran，et al. An approachto determine small-signal model parameters for InP HBT up to 110GHz［J］. J. Infrared Millim.Waves（张傲，张译心，王博冉，等。110 GHz铟磷异质结双极晶体管小信号模型参数提取方法 .红外
与毫米波学报），2018，37（6）：688-692

［3］CHENG Wei，ZHANG You-Tao，WANG Yuan，et al. 0.5µm InPDHBT technology for 100 GHz+ mixed signal integrated circuits［J］.
J. Infrared Millim.Waves（程伟，张有涛，王元，等。红外与毫米波
学报），2017，36（2）：167-172.

［4］Tu Y H and Tseng H C. Alleviation of thermal Instability via novelcollector-up HBTs for reliable wireless applications ［J］. IEEE
Trans. Dev. Mater. Reliab.，2019，19（1）：189-192.

［5］Spina L L，d’Alessandro V，Russo S，et al. Influence of concurrentelectro-thermal and avalanche effects on the safe operating area ofmulti-finger bipolar transistors ［J］. IEEE Trans. Electron. Dev.2009，56（3）：483-491.
［6］Liou J J，Liou L L，Huang C I. Analytical model for AlGaAs/GaAsmultiemitter finger HBT including self-heating and thermal couplingeffects［J］. IEEE Proc. Circuits Dev. Syst. 1994，141（6）：469~476
［7］Gao G B，Wang M Z，Gui X，et al. Thermal design studies of high-power heterojunction bipolar transistors［J］. IEEE Trans. Electron.

Dev. 1989，36（5）：854-863.
［8］Gao G B，Unlu M S，Morkoc H，et al. Emitter ballasting resistor de⁃sign for，and AlGaAs/GaAs power heterojunction bipolar transistors

［J］. IEEE Trans. Electron. Dev. 1991，38（2）：185-196.
［9］Arnold R P，Zoroglu D S. A quantitative study of emitter ballasting

［J］. IEEE Trans. Electron. Dev，1974，21（7）：385-391.
［10］Schuppen A，Gerlach S，Dietrich H. 1-W SiGe power HBTs for mo⁃bile communication［J］. IEEE Microw. Guided Wave Lett. 1996，6

（9）：341-343.
［11］Potyraj P A，Petrosky K J，Hobart K D. A 230-watt S-band SiGeheterojunction bipolar transistor［J］. IEEE Trans. Microw. Theory

Tech. 1996，44（12）：2392-2397.
［12］Jiang N，Ma Z，Wang G. 3-W SiGe power HBTs for wireless applica⁃tions［J］. Mater. Sci. in Semicond. Processing，2005，8 （2）：323-326.
［13］Jin Dong-Yue，Zhang Wan-Rong，Shen Pei，et al. Multi-fingerpower SiGe HBTs for thermal stability enhancement over a wide bias⁃ing range［J］. Solid-State Electron. 2008，52（6）：937-940.
［14］Jin D Y，Zhang W R，Shen P，et al. Structure optimization of multi-finger power SiGe HBTs for thermal stability improvement［J］. Micro⁃

electron. Reliab. 2009，49（4）：382-386.
［15］Chen R，Jin D Y，Zhang W R，et al. Thermal resistance matrix rep⁃resentation of thermal effects and thermal design of microwave powerHBTs with two-dimensional array layout［J］. Chin. Phys. B，2019，

28（9）：098502：1-098502：5.
［16］Gao J J. Heterojunction bipolar transistor for circuit design—micro⁃

wave modeling and parameter extraction［M］. Singapore：John Wiley& Sons Singapore Pte. Ltd，2015：207-243.

Fig. 8 RF Output power pout versus RF input power pin for two

types of multi-fingers power HBTs with emitter ballasting resistor

and with non-uniform emitter finger spacing respectively

图 8 具有发射极镇流电阻的多指功率 HBT 与具有非均匀指

间距的功率HBT的射频输出功率pout与射频输入功率pin的关系

Fig. 9 Collector efficiency ηC versus RF input power pin for two

types of multi-fingers power HBTs with emitter ballasting resistor

and with non-uniform emitter finger spacing respectively

图 9 具有发射极镇流电阻的多指功率 HBT 与具有非均匀指

间距的功率HBT的集电极效率ηC与射频输入功率pin的关系

Fig. 10 Power-added-efficiency（PAE）versus RF input power

pin for two types of multi-fingers power HBTs with emitter ballast‐

ing resistor and with non-uniform emitter finger spacing respec‐

tively

图 10 具有发射极镇流电阻的多指功率HBT与具有非均匀指

间距的功率HBT的功率附加效率PAE与射频输入功率pin的关系
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