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Abstract—The microwave and power performance of fabri- in these single heterojunction bipolar transistors (SHBT's)
cated InP-based single and double heterojunction bipolar tran- |imit the breakdown voltage below 10 V for typical collector
sistors (HBT's) is presented. The single heterojunction bipolar thicknesses, and the maximu¥as, while conducting appre-

transistors (SHBT's), which had a 5000A InGaAs collector, had . . Lo
BVego of 7.2 V and Jemax of 2 x 10° Alcm?. The resulting ciable collector current, drops below 5 V. While this limited

HBT’s with 2 x 10 um’> emitters produced up to 1.1 mWj:m? at  Output voltage imposes limitations, output power levels up to
8 GHz with efficiencies over 30%. Double heterojunction bipolar 1.4 mWj:m? at 10 GHz have been reported by the authors
transistors (DHBT's) with a 3000-A InP collector had a BVero  using SHBT designs [1].
ggngsit\i{asaﬂd t'éf'inawmo\;\/ /lelg :t %BO)G ﬁécamrjd ;esggil?geﬁiir(‘:iepr?é’vegf In order to increase the output voltage swing, InP is often
46%. Similgr DHBT’s with a 6000-A InP colleftor had a higr):er used for the C_oIIeC'Fors O_f InP-based HBT's, WhICh_ forms a
BViwo of 18 V, but the Je max decreased to 0.4x 10° A/cm? Second heterojunction with the InGaAs base. While break-
due to current blocking at the base—collector junction. Although down voltages as high as 32 V [2] have been reported
the 6000A InP collector provided higher fu.x and gain than with these double heterojunction bipolar transistors (DHBT's),
the 3000A collector, the lower Jomax reduced its maximum the base—collector heterojunction must be designed carefully
power density below that of the SHBT wafer. The impact on 4 gynnress collector current blocking due to conduction-
power performance of various device characterlstlcs, such.as knee band spikes. Published results on InP-based DHBT's in-
voltage, breakdown voltage, and maximum current density, are C .
analyzed and discussed. clude a tunneling InP collector [3], a linearly graded In-
GaAlAs junction [4], a step-graded InGaAsP junction [5],
and linearly-graded chirped superlattices (CSL’s) using either
InGaAs/InP [6] or InGaAs/InAlAs [2]. Power densities as
OWER amplifiers for wireless communication systemigh as 3.5 mWim? (2.5 W total) with PAE of 56% at 9
require high-frequency active devices that have accegiHz using the InGaAs/InAlAs CSL approach [2] have been
able gain, produce significant output power, and cause litdgported by Hughes Research Laboratories, Malibu, CA. While
signal distortion. In addition, hand-held units require powefore difficult to design, DHBT’s with InP collectors offer an
amplifiers with high power-added efficiency (PAE) in ordeadvantage over InGaAs—collector HBT’s for power amplifiers.
to maximize battery lifetime. Due to their ability to handlanp-based DHBT’s offer similar power performance to GaAs-
high power densities at microwave frequencies, heterojunctipgsed HBT's atX-band: however, the 0.67-V lower turn-
bipolar transistors (HBT's) operating linearly under Classes én voltage of InP-based HBT’s decreases its power-supply
and AB are good candidates for such amplifiers. While theigquirements [7].
breakdown voltages are typically not as high as GaAs-basedn this paper, we present issues and results on power
HBT's, the excellent high-frequency performance and loweimplification using InP-based HBT’s and perform a compar-
turn-on voltage of InP-based HBT's make them of interest feftive study of InP/InGaAs SHBT’s and InP/InGaAs/InP CSL
wireless applications. DHBT'’s in terms of their power capability. First, some issues
The simplest InP-HBT designs use a single heterojuncti¢ér efficient linear power amplification are discussed. Then,
between the emitter and base, with the base and collector b@#vice results are presented for both the SHBT's and the
composed of InGaAs. However, the narrow-bandgap collect@s$iBT’s used in this study. Finally, the results from power and
Manuscript received December 20, 1998; revised April 1999. This work Wll%ad_pu” measu_rements of bOt_h the SHBT's _and DHBT,_S are
supported by the Army Research Office Multidisciplinary University Researdesented and discussed, leading to conclusions regarding the

Initiative under Contract DAAH04-96-1-0001. merits of these SHBT's and DHBT's for power amplification.
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at power levels that do not exceed the 1-dB gain compression TABLE |
point (Po—l dB)~ BEST REPORTED STATISTICSSCOMPILED FROM A VARIETY OF DIFFERENT
In the first order, the maximum output power and efficienc InP-Basen MICROWAVE SHBTS aND DHBTS. THe BoTTom Two
' AR putp y Rows SHow MATERIAL PARAMETERS FORINGaAs (SHBT)
of an HBT under Class A is limited by the breakdown voltage AND InP (DHBT) COLLECTORS
fVCEO, thg tI;]nee Vr(:’ga\?vérﬁ t_rt\ed maX|mtum C(_)Ilelctor clurre_rtl:1 InP SHETs | InP DHBTs
¢'max, @nd the gairG:. ile it does not precisely scale wi Highest 7y (GHZ) 35 5
the HBT emitter arealc 4.« iNcreases with emitter area and Highest fo, (GHz) 236 67
can be approximated byl x Jo .5 for this analysis, where —
. . . L Offset voltage (V) 0.20 0.10
Je max 1S the maximum collector current density and is limited . )
. : X Vk @ 10* Afem? (V) 0.30 0.25
by the HBT design. Under these assumptions and neglecting . )
. . . . Turn-on voltage @ 10" A/cm” (V) 0.7 0.7
HBT nonlinearity, maximum output power is generated by
. BVego (V) 7.6 32
sweeping betweerV), at Icnax and BVgogo at Ic = 0, - 3 =
resulting in an optimal (real part of the) load impedance Pou @ 10 GHz (mW/pm®y 137 :
and associated gain (dB) @ P, 11 10
Ry = BVero — Vi ] (1) Vear Of collector (cm/s) 6x10° 9x10°
A- J max Thermal conductivity of collector 0.05 0.68
(W/em-K) ] :

The peak linear output power and efficiency can then be
estimated as

example, by using (2) and (3) for Class-A operation together
— A- JCmaX N (BVCEO_Vk) _ p y g ( ) ( ) p g

r =0.125—=—~ "%/ with the data in Table | and a system minimuiy, of 5 €2,
8 Ry large DHBT's should be able to generate 25.2-W output power
(2) at 44% PAE, while similar SHBT's should generate 1.2-W
and output power at 42% PAE. Therefore, DHBT's are the best

choice for high-power applications.
PAE — 0.5. 2Yomo = Vi <1 - i) A3) However, the spike in the conduction band of DHBT’s may
BVoro + Vi limit J¢ max, May increasd’x, and may also limit the gain at

G
Analogous expressions can be derived for Class-B operati!ﬂ’," Jc, which can introduce additional nonlinearities to the

where the pre-factor in (2) is increased from 0.125 to 0.140utput characteristics. Since SHBT'’s are also easier to design

and the PAE expression has a similar form and peaks at 78 9row than DHBT's, they may be more cost effective and
rather than 50%. Typically, the circuit technology limits thé better choice for power amplifiers that only require moderate

minimum R that can be synthesized for output matchind),UtpUt power levels. This will be discussed and clarified more

which then determines the maximum usable device area fréfnSections V and VL.
(1). The peak output power and PAE are then limited by (2)
and (3). [Il. SHBT DESCRIPTION AND PERFORMANCE
Since power HBT's need highP’;, and PAE, this brief The SHBT epilayers were grown by low-pressure
analysis indicates the required HBT characteristics: high metal-organic chemical vapor deposition (MOCVD) at
high BVggo, and low Vi.. High Jowmax is also desired to The University of Michigan at Ann Arbor. It consisted
reduce the required HBT area, which is limited by spacef a 2000A undoped InP buffer on a semi-insulating InP
nonuniform heating, and signal phasing concerns. Note tlsitbstrate, a 5008-n+ (2 x 10t cm—3) InGaAs subcollector
the Ry, presented here, which generates the most linear outfayter, a 50008 n— (5 x 10 cm™3) InGaAs collector, a
power, isnot directly related to the matched load impedanoﬁoov& pt (1.5 x 10" cm™3) InGaAs base, a 10§—undoped
Zy, for the highest gain. Therefore, the actual load impedanbeGaAs spacer, a 1508-n (5 x 10" cm™3) InP emitter, a
presented to the HBT is chosen between this and Z;, to  700A n+ (2 x 10 cm—3) InP layer, and a 2008-n* (2 x
trade off G, P, and PAE. 10'° cm—3) InGaAs cap. The base employed the maximum
InP-based SHBT's and DHBT’s each offer advantages fachievable p-doping of InGaAs in this MOCVD using zinc,
power amplifiers. Best reported values of some relevant s determined by studies on zinc activation. The B0base
rameters were compiled from a variety of different publishegrovided a good tradeoff between base transit time and base
HBT's and are shown in Table I. The highBlVgq primarily resistance, and the 10°0und0ped emitter—base spacer was
allows DHBT'’s to generate more output power than SHBT'&€mployed to minimize zinc diffusion difficulties.
and the lower thermal resistance to the substrate due to the InFhe SHBT’s were fabricated using a self-aligned emit-
collector allows for lower and more uniform junction temperter process, which uses selective wet etches to produce a
atures. The higher saturation velocity of the InP collector al€b2-:m base contact-to-emitter separation. The base—collector
allows for proportionally highet/- .. before the onset of capacitance was minimized by using the base contact as a self-
the Kirk effect at a given collector doping. With emitter—baseligned etch mask for the base mesa. The emitter and collector
and base—collector compositional grading, the offset voltagbmic contacts used nonalloyed Ti/Pt/Au metallization, and
and Vi are theoretically slightly smaller for DHBT’s. Thethe base contact used Pt/Ti/Pt/Au metallization.
higher BVego together with this lowerVy allows slightly Typical Io—Vgog characteristics for SHBT's with 2x
higher efficiencies for DHBT's as compared to SHBT’s. Fot0 ;zm? emitters are shown in Fig. 1. The devices had a dc
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Fig. 1. I¢-Ver characteristics of 2x 10 pm? SHBT with Iz = Fig. 2. Io-Vop characteristics of 2.5 10 um? device from DHBT A
50 pAlstep. with Ig = 20 or 40 pAlstep.

small-signal gaimy. > 60, andn, = 1.7 andn. = 1.3 from  for this CBE. The DHBT’s were fabricated using a similar
the Gummel plots. AlthougtBVcEo for large n-p-n HBT's process and layout to the SHBT's. The CSL structure was
was as high as 7.2 V, the maximubiyg for Jo>5 x 10*  etched by either a reactive ion etch (RIE) or a nonselective
A/lcm? was approximately 2.5 V. Microwave performancgyet etch [6].

measured up to 25.5 GHz and extrapolated at 20 dB/decadghe dc and small-signal device performance of the DHBT's
resulted in optimalf7 and matchingfy... of 95 and 55 GHz, \yere characterized from measured input/outp&t charac-
respectively, ab'cp = 1.5 V and Ic = 12.6 mA. The fnaa  teristics and bias-dependeftparameters. Gummel plots of
increased to 58 GHz when VCE was increased to 2.0 Yhis DHBT had ideality factors o, = 1.65 andn. = 1.3.
Although the peakfr occurred at/c = 6.3 x 10* Alem?®,  Typical Io-Vop characteristics for a 2.5 10 um? device

the HBT's could be operated abovk: = 2 x 10° A/lM?,  from DHBT A are shown in Fig. 2. The current peaking at
where the Kirk effect and high-level injection degradgdto o\ V., has been attributed to coherent electron transport
60 GHz andfmax t0 37 GHz atVer = 1.7 V. Further details through some periods of the InGaAs/InP CSL [6], which is less
on device performance can be found in an earlier report Byonounced than similar oscillatody-—Ver, behavior reported

the authors [1]. from an InGaAs/InAlAs CSL with 25A-thick periods [8].
The DHBT's demonstrated not only high breakdown voltages
IV. DHBT DESCRIPTION AND PERFORMANCE due to the use of a wide-bandgap InP collector, but also

The InP/InGaAs DHBT epilayers were grown by chemicaJood injection properties because of the CSL grade design,
beam epitaxy (CBE) at The University of Michigan at Annwhich suppressed the current blocking effect occurring at the
Arbor. They consisted of a 6008-n+ (10 cm=3) InGaAs InP/InGaAs base—collector junction. The knee voltage was
subcollector layer on a semi-insulating InP substrate, an fimited by slight current blocking at lowcr and was almost
(3 x 10'® cm3) InP collector, a base—collector gradingdentical to that reported for DHBT's with InGaAs/InAlAs
region including a 10-period 508-n~ (3 x 106 cm3) CSL designs [9]. The current blocking could be reduced
INP/InGaAs CSL, a 60 pt (3 x 10 cm~3) InGaAs base, through the use of more superlattice layers with a thinner
a 20A undoped InGaAs spacer, a 1560 (5 x 10" cm—3) period in the CSL [8], which should allow very low knee
InP emitter, a 5004 n* (10 cm 3) InP layer, and a Voltages such as 0.6 V at 1@®/cm?, as reported for a step-
1000A n+ (10 cm~3) InGaAs cap. Two heterostructuresgraded InGaAsP base—collector heterojunction [5].
with different InP collector-layer thicknesses were grown: The important performance parameters of the DHBT's
DHBT A with W = 3000 A and DHBT B with W~ = with two different collector thicknesses are summarized and
6000 A. The overall base—collector junction design consisgompared with the SHBT’s in Table IBVcg, scales almost
of the ten-period InGaAs/InP CSL, sandwiched by aMo-linearly with the thickness of the lightly doped InP collector
n-type delta-doped (4< 10'® cm—3) InP layer and a thin and demonstrates approximately double that of SHBT's with
(20 A) InGaAs undoped spacer. The InP delta-doped laysimilar collector thicknesses. Due to the thicker collector of
was inserted at the end of the CSL prior to the InP collector @HBT B when compared to DHBT A, the larger reduced
suppress the quasi-electric field generated by the compositiofial by 23%, and the smalle€rc increasedfnax by 43%.
grade. The thickness of the CSL InP layers was linearlthe SHBT had a lower base doping and a slightly different
increased from 5A at the interface of the base—collectotateral layout than the DHBT's, all of which contribute to a
junction to a thickness of 43\ at the collector side with a reducedr,, increasedR, and increased’sc for the SHBT.
period thickness of 5&. The beryllium-doped base was sefThese effects resulted in the highgr and lower f,,,.,. of the
to the maximum achievable doping with good material qualitgHBT. The base doping was low enough for all three wafers in
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TABLE I limited output power, previous power studies indicated that
PERFORMANCE OFHBTS wiTH 2 X 10 gm? EMITTERS FABRICATED the X-band performance scales Iinearly from one to four
FROM THE SHBT AND BoTH DHBT WAFERS . . . . . . X
identical emitter fingers and fairly well up to ten emitter fingers
SHBT | DHBT A | DHBT B [1]. Additional difficulties encountered for very large HBT's
We (A): 5000 3000 6000 include thermal management and matching of very small input
Jemar (10° Alem®) [ 2 L1 0.4 and output impedances.

Brax 70 90 55 All HBT's were optimized for maximum output power
BV (V) 8.3 14 23 under large-signal operation near the 1-dB gain compression
BVeo (V) 72 9 18 point. Note that none of the HBT’s could be operated/at;

Vi (V) 0.7 13 1.5 above~1/3BVcgo Without causing the HBT's to burn out at

Max. fr (GHz) 95 92 71 moderate-to-high collector currents, which forced the choice
Max. far (GHz) 58 102 146 of low Vg in Table Ill. Nevertheless, the higher breakdown

voltages of the DHBT's allowed for a high&k bias than for
) o ] o the SHBT's. Similarly, the collector bias current followed the
which Auger recombination did not severely limit the currenfends for.J. ... of the three wafers, with the SHBT wafer

gain. allowing the highest current density and DBHT B allowing

The injection performance improved when moving frone |east. Note that ak,, increased, self-biasing causéd to
DHBT B to A, which had higher/c max and current gain with jncrease much above the:, values listed in the table.

a slightly smaller knee voltage. This is because for a givenTaple 111 also shows the peak gain, output power at 1-dB
base—collector reverse bias, the overall electric field acrQgfin compressioiPo—; qs), and associated PAE under these
the base—collector junction and collector region is higher f@¥|a55.AB bias points and source/load impedances. These val-
the shorter collector, which suppresses the electron blocking @k and the real part & ;. roughly correspond to the Class-A
the base—collector heterojunction more effectively. In additiogregictions from the simplified expressions in (1)—(3). For
the higher electric field in the shorter collector delays ba%‘?(ample, the predicted Class-A maximum output power for
push-out to higher current density. However, once base pusiagT 1 and DHBT B1 is 8.8 and 14.6 dBm respectively.
out occurs, the reduced electric field causes the base—colle&i@hilarly, the predicted Class A PAE for SHBT 1, DHBT
heterojunction to start blocking electrons, causing the gain 43 ' and DHBT B1 are 31%, 27%, and 34%. Analysis of
drop rapidly for currents abovéc ... on both DHBT wafers. hese equations indicates that the PAE is mostly limited by
In comparison, the absence of any heterojunction barrier at the difference( BVepo — Vi ): if Vi were reduced to 0, PAE
base—collector interface of the SHBT reduced its knee voltagg, 14 be 47%—-49% (where the theoretical maximum is 50%
to 50% of that for the DHBT's. Similarly, due to the lackfor class A). More realistic HBT optimizations could produce
of barrier, the SHBT demonstrated only a slight decrease y0_ ., 9.3 v. which would result in PAE of 39%, 41%, and
gain as base push-out occurred, allowing it to operate alyfe, for SHBT 1, DHBT A1, and DHBT B1, respectively.
thermally limited current density approximately twice that ofrther analysis indicated that larger HBT emitters (with
the DHBT's. Since the SHBT and both DHBT wafers hadyrespondingly smaller load impedances) can be used to
similar emitter—base junction designs, all HBT's measured hgderate more output power, provided that gain does not
fairly uniform gain versus collector current, which is reqUiregegrade as the HBT area iné:reases. Note that all of these

for linear amplifiers. HBT's were actually biased such that both the dc bias:
and the transientcg were significantly belowBVegy. For
V. POWER CHARACTERIZATION better accuracy in this cas&Vog in (1)-(3) was replaced

The power characteristics of both the SHBT's and DHBT'by the peak transientce max as estimated fromVce and
were measured on-wafer at 8 GHz using a source— ahg—i.e., vcr(t) = Ver + vosin(t), SO that vep max =
load—pull system developed in-house. The system uses duak + (Ve — Vi).

FOCUS electromechanical tuners under computer control toThe input—output power curves when tuned for maximum
synthesize source and load reflection factors up to 0.8 at thgtput power (conditions from Table I1l) are shown in Fig. 3.
HBT'’s. For all measurements, the source and load impedandd® higher f,,.x of HBT's on DHBT B allowed them to
were simultaneously optimized for optimal gain at a fixed biggroduce more gain at 8 GHz than on DHBT A for all HBT's
point and fixed level of input power. Then the input power waseasured. However, the same hifih.x causedkK « 1 for
swept while maintaining constai-g and Vgg bias, and the DHBT B at 8 GHz, making the optimal matching impedances
output power and the HBT currents were measured. I' > 0.8 under small-signal operation. On the other hand, the

The optimal bias points and source/load impedances faptimal I';, under large-signal operation was smaller since
maximum output power from several SHBT's and one DHB®peration occurs under full current and voltage swing, as
from each wafer are shown in Table Ill. Note that thesgartially determined by the dc load line of (1). This created
conditions, which were slightly into Class-AB operation, ina tradeoff in the optimal load impedance for either small- or
dicate the best output power, but not the best gain or PA&ge-signal operation for DHBT B. For example, Fig. 4 shows
performance of the HBT’s. These HBT's were representativlee load—pull characteristics of DHBT B1 &g = 3.0 V
of all devices measured. While the HBT's presented heamd I~ = 1.2 mA under small-signal excitation. As can be
are all relatively small devices, which can generate onbkeen, the peak gain is 21.05 dBIat = 0.800246°, while
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TABLE I
Bias POINTS AND SOURCHLOAD IMPEDANCES FORMAXIMUM OuUTPUT POWER UNDER LARGE-SIGNAL OPERATION FOR SEVERAL DEVICES FROM THESHBT
WAFER AND ONE DEvICE FROM EACH DHBT WAFER. GAIN AND PAE WHEN MATCHED FOR MAXIMUM OuTPUT POWER ARE ALSO LISTED

1453

SHBT 1 SHBT 2 SHBT 3 DHBT Al DHBT BI
Ag (um?) 2x10 3x10 2fx3x10 2x10 3fx2x10
Ve (V) 1.8 1.8 2.0 3.0 5.0
Ve (V) 0.87 0.82 0.82 0.831 0.867
Ico (mA) 7.34 9.39 15.12 72 7.2
Igo (mA) 0.22 0.27 0.52 - -
Opt. Iy 0.209£114° | 0.336£135° | 0.327£155° | 0.4232158° | 0.297.£143°
Opt. I, 0.202£143° | 0.222£165° | 0.2982-175° | 0.577£102° | 0.518£18°
Peak Gain (dB) 12.4 11.4 119 123 156
Po.145 (dBm) 10.4 1.2 14.4 13.7 12.6
Peak PAE (%) 30 29 35 25 26
0 40 the gain is only 10 dB at';, = 0.518/18° (i.e., maximum
——SHBT 1 output power) from Table Ill. This results from the increase
15 [{—=—SHBT2 35 of optimum load impedance frofigs = 34+ 5109 Q at small
ol :SD*:{I};TTZI 14 signal to Zrs = 129 + j57 Q at large signal and from the
— DHBTBI resulting impedance mismatch when the device is terminated
5t 425 with Z1g, but is operated at small signal.
g ? Unlike DHBT B1, the lower f,,.x of SHBT 1 permitted
20 202 simultaneous source and load matching at small signal with
P ,155 ', = 0.521/53°. Even so, the effects of the dc char-
acteristics caused the optimél; to move to0.202/143°
10 f 10 under large-signal operation. The SHBT’s demonstrated a
15 | 5 smaller improvement in gain when optimized for small-signal
operation; e.g., the peak gain for SHBT 1 when optimized
-20 ‘ ' ‘ ' ' ' 0 for small-signal operation increased from 12.4 to 15.1 dB.
20 15 <10 5 0 5 10 15

Py, (dBm)

The similar dc characteristics of DHBT Al to SHBT1 caused
similar variations with increasing input powét; moved from

Fig. 3. Output power from the HBT's as a function of input power unde) 527 /16° when tuned for maximum gain at small signal

the conditions shown in Table III.

Fig. 4. Load—pull measurement of gain (in decibels)Jgrx 2 x 10 pm?

device from DHBT B atP, = —19.1 dBm. Peak gain is 21.05 dB at

T = 0.800/46°.

to 0.577/102° when tuned for maximum output power at
large signal. Overall, the thick-collector/high;.. DHBT'’s
manifest a larger difference between optimal impedance for
small- and large-signal operation, while this is not the case
for thin-collector/low+,,,x DHBT's or SHBT's. Therefore,

in order to optimize the design of a circuit that operates
over a large range of input power, thick-collector DHBT's
should be characterized over the whole range of input power.
On the other hand, such circuits that operate over a large
range of input power and employ thin-collector DHBT'’s or
SHBT’s manifest an output impedance which is more immune
to variation at large-signal operation. This translates to circuit
designs that are less dependent on the precise characterization
and knowledge of the device large-signal properties.

An estimate of the power-handling capability of the various
HBT's is presented in Table Il by’s— qg. AS can be seen,
Fo—1 gqp approximately scales with area for the SHBT's on
the same wafer. DHBT Al can handle approximately twice
the power as the SHBT with the same area, mostly due to the
higher collector voltage. However, the power output of DHBT
B1 is limited by its low current-handling capability due to its
lower peak electric field at the base—collector heterojunction
(described in Section V), which results in a low&p—; 45
than that of DHBT Al. Even so, Fig. 3 demonstrates that
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——SHBT 1
35 [|-—sHBT2
——SHBT 3
30 H-—DHBT A1 : -
—DHBT B
25
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= 20
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15
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Fig. 5. PAE of the HBT's as a function of input power under the conditions
shown in Table III.

Fig. 6. Load—pull measurement of PAE (solid lines, in percent) and gain
DHBT B1 produces more output power (but at a lower powetiashed lines, in decibels) for % 10 um? device from DHBT A at

density) than DHBT A1 at all input power levels. DHBT A1Pin = 2.6 dBm with /s held constant. Peak PAE is 46%[at = 0.694£8°.
and DHBT B1 produced maximum output powers of 15.85 anpc?ak gain is 11.4 dB dr,, = 0.42325°.

15.94 dBm, respectively, resulting in output power densities

of 1.9 and 0.65 mW/m?, respectively. The maximum power2 x 10 pm? HBT from DHBT A with Veg = 3.0 V and
density of the 2x 10 zm? SHBT, 1.1 mW/m?, was smaller I's = 0.189/103°, which was optimized under large-signal
than that of the same-area DHBT Al due to the loweperation near 1-dB gain compression withr and .y held
breakdown voltage of the SHBT. Thus, in determining theonstant. Note that this bias scheme pushed the operation
optimum design for maximum power, one should aim fodeeper into Class AB. The peak PAE, 46%, occurred at
designs such as thick-collector DHBT’s that result in highdrz = 0.694/8° with an associated gain of 10.4 dB, while
BVero While, at the same time, ensuring that the currefie peak gain of 11.4 dB occurred B, = 0.423/5° with
handling capability of the device is not handicapped. A& associated PAE of 34%. Thus, by trading off the device
shown by the results, a thinner collector DHBT is often gain by 1 dB, one can benefit from a substantial improvement
better tradeoff since its higher current density overcomes ifs PAE. Similar effects were shown by a2 20 ym® HBT
smaller BVcgy to allow a higher power density than thick-from the SHBT wafer, whose PAE increased from 27%, when
collector DHBT’s. Also, SHBT’s can deliver output powerMatched for maximum output power, to 41% when matched
levels between that of thin- and thick-collector DHBT’s. In théor maximum PAE.

above considerations, however, one needs to take into accourkthe load—pull characteristics of SHBT 1 is shown in Fig. 7
Jumax, Which again gives thick-collector DHBT's the advantag8€ar 1-dB gain compression witer andVse held constant.

in not only power performance, but also gain and frequengjMilar to DHBT A in Fig. 6, the peak gain and peak PAE do
performance. Finally, when scaled up to very large are88toccur atthe same impedance: the peak PAE, 34%, occurred
for very high power applications, the high&Ver of the atl’; = 0.132/165° with an associated gain of 11.2 dB, while

thick-collector DHBT will give it a higher output impedanceth® peak gain of 11.8 d% occurred Bf = 0.360/130° with
according to (1), which will alleviate the impedance-matchingn @ssociated PAE of 27%. Note that when compared to DHBT

difficulties that often occur for large devices. , the PAE of SHBT 1 does not peak as high or drop off as
Fig. 5 shows the PAE for the HBT’s under the conditionguickly with load impedance variation, both of which can be

from Table IlI, and the maximum PAE values are shown ittributed to the constarifpy bias scheme. At high power
the table. Note that the bias and load impedance are optimi2B4e!S: Self-biasing under constabbr bias pushes HBT's
for maximum output power, which caused the measured PARVard Class-A operation with lower efficiency, but higher
of these SHBT's to be higher than the DHBT's due tgain, while self-biasing under constahs bias pushes HBT's

the decreased knee voltage. However, the higher breakdo\%’ard CIass-AB operatlon with higher efficiency but lower

voltage of the DHBT’s compensates somewhat for the high%?'n' as described in [1].

knee voltage, according to (3). As expected, the higher gain of

DHBT’s with thick collectors leads to earlier saturation and, VI. DiscussION

thus, maximum PAE is obtained at a lower power density thanAll HBT's presented here demonstrated good power perfor-

both SHBT's and thin-collector DHBT's. mance at 8 GHz. The SHBT's have good breakdown voltages
When the load impedance is optimized for maximum PAENnd current handling, considering their InGaAs collector.

all HBT's demonstrate a substantial increase in PAE. Fétowever, the lowf,., resulting from high base resistance

example, Fig. 6 shows the load—pull measurement for anotlaard the partially depleted collector limits their microwave
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minimum R;). Therefore, the higher breakdown voltage of
the DHBT’s should enable much greater output power than
the SHBT's when scaled to very large emitters. For exam-
ple, DHBT's with 33-layer CSL designs using ﬁsperiods
demonstrated the record output power density for InP-based
HBT’s of 3.5 mWjm? at 56% PAE atX-band, which was
achieved al/gr = 14 V and Jo < 6 x 10* Alem? [2].

VIl. CONCLUSIONS

HBT’s need to exhibit high gain, high breakdown voltage,
low knee voltage, and high maximum collector current density
in order to generate high output power at high efficiency under
Class A and B operations. The SHBT'’s presented in this paper
exhibited substantial power performance considering the use
of an InGaAs collector. Power densities up to 1.1 mw? at
8 GHz with efficiencies over 30% were measured. In order to
increase their power performance, several minor optimizations,
such as decreasing the collector doping and reducing parasitic

Fig. 7. Load-pull measurement of PAE (solid lines in percent) and gahesistances, can be made to increase the breakdown voltage
(dashed lines, in decibels) for a2 10 um? SHBT at P, = —2.5 dBm and reduce the knee voltage

with VBE held constant. Peak PAE is 34%Tat = 0.132/165°. Peak gain , L
is 11.8 dB atl'L = 0.360/130°. The DHBT's presented here demonstrated significantly

higher breakdown voltages than the SHBT's. However, current

. ) . ) . blocking at the base—collector junction at high current levels
gain. Doubling the base doping, doubllngothe base thickneg,iteq the J¢ ax. Of the DHBT's below that of the SHBT's.
increasing the collector thickness to 6080 and reducing ajong with much greater knee voltages than the SHBT's, the
the collector doping to ensure full depletion would decreags, qr Je mas limited the improvement in power performance
these parasitics, which would raigg,,x to 115 GHz at the in the DHBT’s to 1.9 mWim? with a peak efficiency of 46%
expense of lowering to 80 GHz. This would resultin 3 dB ¢y the pHBT with a 30004 collector. Although the DHBT's
more gain and 2% higher PAE for the SHBT's Atband. i 5 60004 collector offered~3 dB more gain than the
The increased collector depletion width and reduced dopiggigT's with the 3000A collector due to the highefimax,
would also increase the breakdown voltage at the expengg ower electric field in the collector enhanced the electron
of lower current handling. Also, in order to enhance thgiocking at high current levels and limited its maximum
PAE and maximum output power, the knee voltage could Bywer density below that of the SHBT wafer. In order to
reduced by optimizing the layers and contacts for reducgdmonstrate the full power potential of InP-based DHBT's,
emitter and collector parasitic resistances. Together, the highet pase—_collector junction of these DHBT’s needs to be

breakdown voltage and lower knee voltage could increaggiher improved to increase the maximum collector current
the PAE by 10%. Finally, SHBT designs with better thermalnq decrease the knee voltage.

management would decrease thermal-generated current at higRyditional power measurements on the HBT's indicate
Ve, allowing for biasing above 2.0 V and closer B¥cro.  that the high fuae Of the 6000A DHBT moves its op-
While the DHBT power performance can be improvegmga| |oad impedances for gain, output power, and PAE
by many of the same optimizations as listed above for thgrther apart than corresponding optimal impedances for the
SHBT'’s, more fundamental issues should be addressedsihgA DHBT or for the SHBT. Similarly, the optimal load
obtain the full potential power performance of the DHBT Sympedance of the 6008-DHBT moves more due to variations
The two major power limitations on these DHBT's are the highy the input power level. This makes choosing the appropriate
knee voltagd’, and the low maximum current densify max-  |oad impedance for circuit designs more difficult for the
Both are limited by transport of electrons over the barrighjck-collector DHBT. However, at the same time, the larger
in the base-collector heterojunction. By introducing mongreakdown voltage of the thick-collector DHBT allows it to
layers in the CSL with a thinner period, the barrier could bggle to larger areas than either the 3B0MHBT or for
lowered for decreaseld, and increasedc ax. Modifications the SHBT before reducing the optimal load impedances to
to the spacer/delta-doped layers between the CSL and fhgyractical values for matching.
base—collector |ayerS Could |0Wer the barrier further. OtherThe resu'ts presented here demonstrate the Su|tab|||ty Of|nP_
possible enhancements are grading the emitter—base juncigBed SHBT’s for applications requiring up to moderate power

to remove the offset voltage of 0.15 V and optimizing thgsvels and the potential of InP-based DHBT's for high-power
collector doping for the besBVro/ Jo masx tradeoff. applications.

Finally, note that while the low/c . Of the DHBT's
limits their powerdensity the first-order analysis of (2) and ACKNOWLEDGMENT
(3) demonstrates that thabsoluteoutput power and PAE are  The authors thank Dr. K. Hong for the growth of the SHBT
dependent onBVcgg and not Jo ., (for a fixed system- wafers and Dr. G. Munns for the growth of the DHBT wafers.
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