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High Efficiency, Low Offset Woltage InGaP/GaAs
Power Heterostructure—Emitter Bipolar Transistors
With Advanced Thermal Management

Bei-Ping Yan, Edward S. Yandellow, IEEE Yue-Fei YangMember, IEEEXiao-Qin Wang, and Chung-Chi Hsu

Abstract—High efficiency, low offset voltage InGaP/GaAs stability. In this work, we report microwave large-signal results

power heterostructure-emitter bipolar transistors (HEBTs) have measured from two InGaP/GaAs HEBTs. One consists of 26

been demonstrated. The large signal performance of the HEBTs 2.8 x 12 um? emitter fingers which constitute a power cell.

is characterized. Output power of 0.25 W with power added The other i d of f b fi d I
efficiency (PAE) of 63.5% at 1.9 GHz has been achieved from a € other IS composed of four above-mentioned power Cells.

26-finger HEBT with total emitter area of 873.6 um?. Output 1hey are all fabricated in the common-emitter configuration.
power of 1.0 W with PAE of 63% has been obtained from the An output power level of 0.25 W, with power added efficiency
composition of four above-mentioned power cells at the optimum (PAE) of 63.5% at 1.9 GHz, has been obtained from the
conditions of impedance matching. The thermal performance 26-finger HEBT with a total emitter area of 873.6n2, and

of HEBT is presented and the results show better thermal . .
management than conventional HBT. The experimental results output power of 1.0 W with PAE of 63% has been achieved

demonstrate good power performance and capability of HEBTs.  from the composition of the four above-mentioned power

Index Terms—Current gain, HEBT, InGaP/GaAs HBT, power cells at the optimum conditions of impedance matching. The
performance, temperature de'penden’ce. ' thermal performance of the HEBT is also presented and the

results show that the HEBTs possess more advanced thermal
management than conventional HBT. The experimental results
demonstrate good power performance and capability of the
ETEROJUNCTION bipolar transistors (HBTs) basedEBTSs in wireless communication applications.
on 1lI-V compound semiconductors have been widely
used as power amplifiers of mobile handsets because of their [I. DEVICE FABRICATION

remarkable microwave power capabilities and eﬁ'c'enc'eS'InGaP/GaAs HEBTSs were grown by MOCVD on a GaAs

Various publications and communications over the last decaﬂ?ostrate The device structure consists of a 600 NAGBAS
on the topic have shown major improvements in terms gubcollec.tor(n = 4 x 10'8 cn?), a 700 nm m-GaAs col-
performances and reliability [1], [2]. Today, new ideas and coR; tor(n = 1 x 10'6 cm=3), a 10(’) nm @-GaAs basdp =
cepts to improve the microwave power characteristics, therr’rgle>< 101 cm=3), a 10 nm r’1-GaAs setback lay@n — 3 x
management, and long term reliability, are very important %17 cm?) a46 nm n— InxGay,_xP confinement layer (=
make the HBT family to be a major player of the mobile marke 5= 3’ % 1017 cm-3) and_a 150 nm h-GaAs emitter
As one of the trends to be explored, the heterostructure—emit glro layer(n = 4 x 1018 cr’n*3), a50 nm i — InxGay_xAs

bipolar transistor (HEBT) has been of particular intere traded layer (x from 010 0.6, # 1 x 10'° cm3), and a 50 nm

[3]-[6]. In comparison with conventional HBTs, HEBTs carf, InyGay_xAs contact layer£ = 0.6, n = 1 x 10'° cm—3),

effectively eliminate the emitt_e.r potential spike and offers a,lovi’he HEBTSs were fabricated using a non self-aligned process.
offset IV oltage [4], [5(11' Itn atﬂd't'ém’ thg hetetrost:gf#urt_-:‘—emlt:]eé andard photolithography and chemical wet selective etching
can aiso accommoadate the base dopant outdimtusion, WNIga o seq in the device processing. The InGaP layer was etched
increases device lifetime [6]. Recent theoretical and eXpeLréing a solution of dilute HCl and the InGaAs and GaAs layers

imental results show that the current gain of HEBT can Care etched with PO, H,Oy: H,O. Emitter and base metal

much less dependent on the junction temperature and it Can P& Ti/Pt/Au and collector metal is AuGe/Ni/Au. A thin depleted

a better candidate than the HBT for power devices [7]. So f?ﬁGaP ledge with a length of 0,8m was used as a passivation
h?ﬁ?g; th8e re havei bltlee:wnfg]wrrrﬁp?rtsr?n”gopver pﬁ(rjfc;:]m?r:? er for the extrinsic base surface to reduce the surface recom-
0 s [8], especially ermal performance a € %ination current. To reduce thermal resistance, the substrates

were thinned to 10@m and a gold plated heat sink structure
Manuscript received April 29, 2003; revised June 26, 2003. This work wggas used.
supported by grants from the Research Grants Council of Hong Kong Special
Administrative Region, China (Projects HKU 7057/98E and HKU7069/02E).
The review of this paper was arranged by Editor M. A. Shibib. Ill. RESULTS AND DISCUSSION
B.-P. Yan, E. S. Yang, X.-Q. Wang and C.-C. Hsu are with the Department
of Electrical and Electronic Engineering, The University of Hong Kong, Hong Fig. 1 shows typical common-emitter current—voltagel()

|I. INTRODUCTION

Kong (e-mail: bpyan@eee.hku.hk). o _ characteristics of a 26-finger power HEBT. Notice that the cur-
Y.-F. Yang is with the Global Communication Semiconductors, Inc., Tor- . ith th I Th .
rance, CA 90505 USA. rent gain increases Wlt the collector current. The current gain
Digital Object Identifier 10.1109/TED.2003.816551 is more than 30 at high collector current but only about 10 at
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Fig. 1. I-V characteristics of 26-finger power HEBT with an emitter size OE? X 26 pum?
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low current. The smaller current gain at low current is attributed
to larger interface recombination located at the extrinsic base.
Because the InGaP layer located at the extrinsic base has beer
completely depleted, the surface recombination at the exposed
InGaP surface is negligible. On the other hand, due to the very
low surface recombination velocity of InGaP, the interface re-
combination between the n-type GaAs setback layer and the
n-type InGaP confinement layer is also negligible. Therefore,
the dominant recombination current at low current is the in-
terface recombination current between thetgpe GaAs base
layer and the n-type GaAs setback layer. This conclusion can
also be demonstrated by the Gummel plots as shown in Fig. 2. Frequency (GHz)
Itcan be seen from Fig. 2 that the ideality factor of base Currelgt 3. Measured forward current gain, the maximum available gain as a
I is 1.33 atlowli,., which is very close to the ideality factor of o= & roquency. gam, 9
surface recombination current but far smaller than the ideality
factor 2 of space charge region recombination current. At higt ¢ S —
Ve, however, the base current ideality factor approaches an id¢ ]
ality factor 2, indicating that the dominate recombination cur- ] P e ]
rent at highV},. is the space charge region recombination which ] . o~ 000 N
mainly occurs in the depleted n-GaAs setback layer. MeasureE /,/
offset voltage is about 60 mV (inset of Fig. 1), which is sig- e
nificantly smaller than that of HBT. The reduction of the offset © 10" 1 _— ]
voltage is attributed to the insertion of the GaAs setback laye @ ] S o f ]
between the p-GaAs base andInGaP confinement layer. & o/ —e—1f ]
This makes the emitter-base junction become a GaAs/GaAs hi g 1 1
; . L
mojunction and therefore reduces the asymmetry between E 1 1
and BC junctions. The breakdown voltage of the base-collecta
junction, BV .,, is 15 V. 10° ; T
Fig. 3 illustrates the high-frequency performance of a RF de: 10 10
vice in the common-emitter configuration. The forward current J (Alcmz)
gain(Hs; ), and maximum available gain (MAG) were measured ¢
onwatfer using a network analyzer from 0.1t0 40 GHz. The megy. 4. Current gain cutoff frequency and the maximum oscillation frequency
surements were completed on the 2-finger HEBT with emittes a function of the collector current density.
size 0of 2.8 x 12 x 2. The operating collector current density
is 2.22 x 10* Alcm?, and the collector-emitter bigdcr) is the best small-signal performance. Instead, the epitaxial struc-
1.2 V. The measured cutoff frequengy is 35 GHz and the ture, which includes a thick collector doped at low concentra-
maximum oscillation frequencyi,.. extrapolated from MAG tion, is designed for large-signal power performance. The mea-
using a 20-dB/dec slope is 62 GHz. These high frequency resutsed f and f,.x as functions of collector current density
are decent since the device structure is not aimed at achievarg shown in Fig. 4. Peaks ¢ and f,,.. were obtained at
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Fig. 5. Measured current gain as a function of temperature for a 2-finger
HEBT. 0.010 T

Jo = 4.9 x 10* Alem?, which is the threshold current density 0.008+

of the device. This value provides a good agreement with thec

retical calculation by/ = gN ~vsat. 0.006 .
The thermal stability of current gain is an important issue<C v

for power devices. Fig. 5 shows the measured current gain e\_'; 0.004 -

a function of temperature for a 2-finger HEBT. The current gair

shows a temperature coefficient that is slightly positive in the g ggo4

V=2 V 1

low temperature range and slightly negative in the high tem (b) HBT
perature range. This result is significantly different from that o, ' , . .
of the conventional InGaP/GaAs and AlGaAs/GaAs HBT [9] 1.1 1.2 1.3 1.4 15 16

in which the current gain degrades with increase in temperz Vg (V)
ture. This finding indicates that the HEBTs have a weak tem-
perature dependence of current gain and it may be preferable ()
to choose HEBTS for power applications. It is well known thdtig. 6. Measured,. regression plots for (a) HEBT and (b) HBT. Botfi.
there are two thermal phenomena in power HBTSs, i.e., thern?ﬁf”c are measured ds; varies for different collector-emitter biases.
runaway and the collector current collapse, which are caused by
current crowding effect. When the current crowding effect exthe HEBT, the measured base sheet resistance, base contact re-
ists in a device, the temperature dependence can provide an eestivity and current gain were 182/sq,5.5 x 10~7 Q cn?,
trical-thermal positive feedback loop that gives rise to thermahd 36, respectively. For the HBT, corresponding data were 185
runaway for a positive current gain coefficient and current cof?/sq,5.8 x 10~7 © cm?, and 100, respectively. The measured
lapse for a negative current gain coefficient. However, if the curegression characteristics of a single-finger HEBT are shown in
rent gain were independent of temperature, there would not bEig. 6(a) and the regression characteristics of a HBT with the
feedback mechanism to produce a catastrophic effect. In our dame emitter size are shown in Fig. 6(b), which were obtained
vices, we have obtained a positive differential resistance direclly applying certain/,, and measuring both collector current
from the slightly positive temperature coefficient of the currergnd base-emitter voltage as the base curfgnincreased like
gain at low temperature. Since the feedback effect is a weak pliterature [10]. As shown in Fig. 6, there is significant difference
itive one, it would effectively restrain current gain degradatioim the regression characteristics for the HEBT and the HBT. For
and collector current collapse in initial stage. In addition, sin@xample, at the condition df.. = 6 V, the regression point
the temperature in this stage is not high enough, catastropfucthe HEBT is atV},. = 1.54 V but the regression point for
current localization would not take place. At high temperaturthe HBT is atV},. = 1.30 V, indicating that the collapse of the
the temperature coefficient of the current gain becomes negasrent gain more easily occurs in the HBT than in the HEBT.
tive, implying that the current gain decrease at high temperat8ce the HEBT and the HBT have almost the same base sheet
brings back the negative differential resistance at high curreesistance and base contact resistance, the influence of the base
and high bias. This effect prevents the device from thermal ruresistances on the regression characteristics can be excluded. In
away. addition, the influence of the current gain on the regression char-
In order to further examine the thermal stability of the HEBTacteristics is not manifest. Therefore, good thermal stability of
and find out the difference of thermal performance betwedine HEBT results from device structure itself.
the HEBTs and HBTSs, the regression characteristics of bothThe improvement of the thermal stability is derived from the
HEBTs and HBTs were measured. The HBT and the HEBSpecial transport mechanism of the hole current, which reduces
have the same structure and doping except the setback lay@rent gain dependence on the junction temperature. As we
in the HEBT and they were fabricated in the same batch. Hanow, the main reason of current gain degradation in HBTSs is
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believed to be the low valence band off§&t7, ) at the hetero- @ o PAE o 180
junction [9]. It is based on the assumption that diffusion dom- = 25 o 170
- . . H -\ /./ =
inates the holes injected from the base to the emitter. For th-g D e " 160
. . . -A-ArAA-A R A-A-A-A-A A A, 4 o
HEBT, however, by assuming that the heterostructure-emitter i O ‘ e . ks :;oz‘ikk {50 =~
similar to the polysilicon emitter [11], the hole current from the = 15+ ././'”\,’ ;O;o/ “ 140 E
base to emitter is dominated by thermionic emission at high tem ma /O.V 130
perature. The temperature dependence of the diffusion current £ 109 S T 120
described by*+7/2 [12]. The~/2 term describes the temper- 'g 5. v
ature effect of the ratio of the diffusion coefficient to diffusion 0- . o_c,o~°/° ® 1
. .« . . . . -0-0~
length that is negligible in most cases. Ignoring the exponentia 0 e 2 T . 0 15 200
kT term that cancels out, the thermionic emission current has
temperature dependence-ofl’? and the diffusion current has P (dBm)
a temperature dependenceldf. Hence, the current gain is less (b)

dependent on the junction temperature than when the hole Gur- . . )

. . .. .. . . Fig. 8. RF output power, power gain, and power-added efficiency as a function
rentis QOm|nated by thgrmlomc emission. A detailed theoreticgrr input power for (a) the 26-finger HEBT and (b) 104-finger HEBT.
analysis can be found in [13].

The large-signal performance of the multifinger HEBTs was

tested at 1.9 GHz, which is the typical frequency for wireleddEBTS exhibit the advantages in low offset voltage, thermal

communication applications. The devices were tuned with ea@nagement. Usually, however, they suffer a low current gain
ternal tuners having a 15:1 VSWR tuning range. The collectBpcause of the large interface recombination current. Although a
bias V.. maintained at 3.5 V while the CW input power wagurrent gain of more than 10 is enough for microwave power ap-

varied between 40 and 320 mW. The base—emitter junction pRlication, the large recombination current will constitute a main

Vi was 1.37 V. Fig. 7 shows the operating dc collector and ba&¥1cemn of the device reliability. In addition, since the current

currents as a function of the RF input power for the 26-fing&ain o_f the HEBT is not uniform from small to high current, the
HEBT. The collector current increases monotonically with thi1€arity of HEBT may not be as good as that of HBT.
input power. The base current also exhibits the same variation
trend but the variation is not as remarkable as the collector cur-
rent. This observation indicates that the device was operated in
the class-AB mode. The operating collector currents per fingerln summary, HEBT devices with different power capability
range between 1.85 mA and 3.33 mA, corresponding to currdat wireless communication applications have been designed
densities betweef.55 x 10* A/lcm? and0.99 x 10* A/cm®. and fabricated. Excellent power performance and capability
Fig. 8 shows the RF output powé,..., power gain and power- of the HEBTs have been demonstrated. Output power of 0.25
added efficiency PAE as functions of RF input power for th&/ with PAE of 63.5% at 1.9 GHz has been achieved from
26-finger HEBT. It can be seen that the device successfully de26-finger power cell. Output power of 1.0 W with PAE of
livered the output power of 0.25 W and PAE of 63.5% with a63% has been demonstrated from the composition of four
associated power gain of 19 dB. For the power device combove-mentioned power cells at the optimum conditions of
posed of four cells, output power level of 1.0 W with PAE ofmpedance matching. The thermal performance of the HEBT
63% has been achieved at the optimum conditions of impedanegresented and discussed. The results show that the HEBTs
matching. have better thermal management than conventional HBTs. The
From the point of view of practical applications, it is necexperimental results demonstrate good power performance and
essary to comprehensively evaluate device performances. Tapability of the HEBTS.

IV. CONCLUSION
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