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Non-Blocking Collector InP/GaAs;1Shy 49/InP
Double Heterojunction Bipolar Transistors with
a Staggered Lineup Base—Collector Junction

C. R. Bolognesi, N. Matine, M. W. Dvorak, X. G. Xu, J. Hu, and S. P. Watkins

Abstract—We have developed lattice-matched InP/GaAss1- We demonstrate lattice-matchetminallyabrupt interface
Shy.49/INP- NpN double heterojunction bipolar transistors = NpN InP/GaAs_s; Shy 49/INP double heterojunction bipolar
(DHBT's) which take advantage of the staggered (“type II”) transistors (DHBT’s) in which the Gafs:Shy4o base con-
band lineup at InP/GaAsy.s1Shy.49 interfaces: in this system . . . ’ :
the GaAs .51Shy.4o base conduction band edge lies-0.18 eV duction band _edge i$-0.18 eV higher than the_InP COI_‘
above the InP collector conduction band, thus enabling the lector conduction band level [8] (a value consistent with
implementation of InP collectors free of the current blocking other reports for the related GalnAs/GaAsSb system [9]):

The structure results in very low collector current of_fset voltages, any collector current blocking and electron pile-up at the
low emitter-base turn-on voltages, and very nearly ideal base and

collector current characteristics with junction ideality factors bas_e—_collector juncti_on—electrons reaching th? jl_Jnction_are
of ng = 1.05 and ne = 1.00. InP/GaAs 51 Shy 4o/InNP DHBT’s  ballistically launchedinto the InP collector, as indicated in
appear well-suited to low-power applications, but can also be Fig. 1. Optical transmission measurements on our MOCVD-

used in power applications by virtue of their InP collector. The  §rqwn undoped GaAs;, S lavers reveal a 300-K bandaal
symmetry of the transistor band structure also lends itself to the gf 072 + (?01 oV (01 8k1b34gevyat 4 K [8]) in agreemgn?

potential integration of collector-up and emitter-up devices. . -
o _ with Klem et al. and Sugiyameet al. who also reported a
Index Terms—DHBT, heterojunction, InP, transistor. value of 0.72 eV at 300 K [9], [10]. This lineup results
) ) ] . in a large valence band discontinuitkFy =~ 0.81 eV
nP/GalnAs-based heterojunction  bipolar transistorg INP/GaAs 5 Shy 4o heterojunctions—such a largAEy
(HBT's) have demonstrated —excellent microwavg, ,hresses hole back-injection into the InP emitter. The emit-

ch?racteriztics (1], [f2],hbut suffer from low br?IakdOW'}er/collector symmetry of INP/Gafs:Shy.4o/INP DHBT's is
voltages because of the narrow (Galno;3As collector o, \eilsuited for the potential integration of collector-up

energy gap of 0.75 eV. The use of anoAing;2As or 5y emitter-up HBT’s. We report DHBT's with near-ideal
InP collector in double heterojunction bipolar transstorBC characteristics and a very low collector offset voltage

.(DHBT. ) gnhances breakdown.voltage_s by reducing 'mpa‘%nopp. A fundamental benefit of InP/Gads: Shy 49/INP
ionization in the collector, but it complicates the transistqq’, 2o ic tnat they can be implemented without compo-

design and fabrication because of the collector currep

. . - ; itional grading and with nominally abrupt interfaces: the
blocking effect resulting from the positive conduction banaurn—on and offset voltages are determined by the band lineups
discontinuity between Gayrlng ;3As and Al sglng s2As or 9 y PS,

. . ; o oping levels, and junction areas. They are not affected by
InP. In-practice, various doping [3] and/or composmon% e effectiveness, or lack thereof, of compositional grad-

grading schemes [4], [5] have been developed to minimize . . e
the blocking effect. Tiwari and Frank have shown tha{Pg or pulse doping schemes that are intended to eliminate

the specifics of the grading and doping schemes at tﬁ%nducuon-band spikes and barriers.

. - . Our InP/GaAg. 51 Shy.49/INP DHBT structures were grown
base/collector junction need to be carefully considered tiv-oriented (001) InP-Fe SUMITOMO substrates i
because they have a significant impact on DHBT performanﬁg gxai )I/?r?en © é )h/rlloé\?D i ¢ substra esf'qgo
[6], [7]. The availability of a blocking-free heterojunction 0“283 g_ﬁ orgas— war; h system & angﬁureTEG
system with a good etch selectivity would greatly simpli ol\r/lr.Sb TI; :’zean% Sfé\éewzfe t(ra]gaprrrzleiru%:jrzna an dn’c cl a
both device design and fabrication. ' _ 2

g were used for n- and p-type doping. The susceptor temperature
was maintained at 560 during GaAg 51 Shy 49 growth. The
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Fig. 1. Equilibrium InP/GaAsSb DHBT band diagram. The staggered bafdg. 2. Room temperature common-emittér—V" characteristics for a

lineup at the INP/GaAssi Shy .40 interface eliminates the current blocking5 x 12 um? InP/GaAs 51 Shy.4s/InNP DHBT. The collector offset voltage is

effect at the base collector junction. Vok,orr = 12-14 mV, andBVggo = 6-8 V. The collector-base junction
area is~7 x 17 pm?.

Gay 47Ing 53As Ohmic contact layer (St x 10t cm—32). Fully

self-aligned DHBT’s were fabricated using the process pre- ¢~~~ o ' " 7Y |
viously described in [11]. Polaron and SIMS profiling reveal 0 ] L 10
that a sulfur doping tail 0f-2-3 x 10*” cm—2 is present in the ”g r ) [T 1
30004 InP collector layer due to a memory effect following <. 102;r 1 10
the growth of the heavily doped subcollector layer: it is shown z r 1 %
below that this tail limits the RF performance of our devices & 100; ! 106i
(see Fig. 4). The growth conditions have not been optimized t ] =
for base transport, and result in a base sheet resistance of510_25 80 80 ; P
pp = 1400 Q/sq. as determined by TLM measurements. Hall © " F (Data Shifted by 0.4V) 1
effect data confirm this result witp, = 25-30 cn¥/Vs for ] L o
i 1 e 1 2 i PR B 10‘

a hole concentration g = 4 x 10! cm~2, corresponding 10*
to pp = 1300-1560 /sq. Conventional Pt/Ti/Pt/Au and
Ge/Au/Ni/Au were e-beam evaporated to form the base, and
emitter/collector Ohmic contacts, respectively. The emitt€fg. 3. Gummel characteristics fordax 12 um? InP/GaAs 51 Sky 49/INP
contact was annealed at 30C for 1 min., and the base andPHBT. The forward tum-on voltage at 1 A/émis Vg = 0.4 V. The
. collector and base junction ideality factors arg = 1.05 andne = 1.00.

collector contacts were simultaneously annealed at®Z18r A jarge areas0 x 50 xm?® device is also shown for comparison (offset for
1 min. Base contact resistances as lows 840~ Q-cm? were clarity), also showing the reverse mode emitter curknt (Vi) (dashed
measured on TLM patterns. The devices were mesa-isolafél, Theoreranolcs (1) oo mode nd (o) mieverse
and did not receive any surface passivation treatment. difference at high currents is due to Ohmic losses). In reverse mode, the

Fig. 2 shows room temperature current—voltage-¥) gain Ier/Isr is <1 because the C/B junction area5() x 350 um?) is
characteristics for a fully self-aligned airbridge DHBT witi"uch larger than the E/B junction arefsfz not shown for clarity).
a5 x 12 pm? emitter completely surrounded by the base
contact, and &x 17 um? collector base junction: the common-emitter/base and base/collector junctions. The absence of a
emitter current gain is 30-40 ak- = 2 x 10* Alcm?, the conduction band spike at the junctions ensures that electrons
collector current offset voltag&cr orr = 12-14 mV, and are thermally injected into the base and results.in= 1.00;
BVero = 6-8 V. The current gain is comparable to thathe low base current ideality factotp indicates that little
found in other InP-based HBT'’s [1], [2] and significantlyrecombination takes place in the emitter-base space charge
higher than previously reported for InP/GaAsSb HBT’s [12}egion and suggests that GaAsSh) 4 may have a low
[13]: gain values in InP-based HBT’'s with narrow bandgagurface recombination velocity. The hole mobilities in our
heavily doped bases are limited by short Auger recombinati®@aAsSb bases are lower than those reported in [12], [13]
lifetimes [14] which reduce the maximum possible gain iand may suggest a somewhat poorer crystal quality for our
comparison to GaAs. Fig. 3 shows Gummel characteristibalk GaAsSb layers: basic transistor theory however shows
with ideality coefficients ofng = 1.05 and nc = 1.00. that additional recombination in the quasineutral base region
For comparison, a Gummel plot for & x 80 ym? emitter does not affect the junction ideality factors [15]—clearly, the
device is also shown, but offset to the right for clarityexcellent ideality factors reported here indicate the superior
In reverse-mode operation (electrons injeciggl from the quality of our InP/GaAg;1ASy 40 heterointerfaces. As seen
collector into the emitter, with collector forward-biasedin Fig. 3, the present DHBT’s do not exhibit size effects:
and emitter reverse-biased), the emitter currgmt exactly devices with emitter sizes ranging fro&® x 80 pm? down
overlaps with Icr: the overlap proves the equivalence of théo 4 x 12 pm? (smallest device fabricated in this work)

06 08 1 12 14 186
VBE (or VBC) [\

[=}
<o
M
o
F-Y



BOLOGNESI et al.: NON-BLOCKING COLLECTOR InP/GaAg. 51 Shy.49/INP DOUBLE HBT'S 157

and doping levels, and/or by improving the hole mobility by
N optimizing the base layer growth conditions: this is supported
] by McDermottet al. who reported mobilities of 40—-45 Gitvs

- for C-doped GaAgs;Shy 49 at ~4 x 10*? cm~2 [12], and by

. Bhatet al. who reported mobilities of 50 chiVs for C-doped

| A & GaAs) 51 Shy 49 at ~7 x 102 cm—3 [13]. Such mobilities are
020 030 040 0.50 Q.50 070 020 still roughly 50% lower than those found in GalnAs, and will
force the utilization of a narrow emitter stripe geometry to
keepRg low. Despite this limitation, INP/GaAs,; Sty 4o/INP
DHBT'’s appear to be promising for both low-voltage wireless
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20 : 25107 em™ & 14000/sq - applications and high-power applications because of the good
0 N T W SR SR T S thermal conductivity and low impact ionization rates in InP.

0 2 4 6 8 10 We have demonstrated near-ideal HBT characteristics based
Emitter Width [um] on the InP/GaAg;1Shy 40 System. Work is under way to

Fig. 4. Effect of the InP collector doping level and emitter geometry on th%ptlmIze material prop_ertles to improve the RF performance.
maximum frequency of oscillation, assumirfg = 70 GHz. Inset: polaron ~ The authors would like to acknowledge Dr. N. Moll from

profiling data through the InP collector layer revealing the subcollector dopigP Research Labs for helpful discussions, and Dr. R. Streater,

tail Nortel's Advanced Technology Laboratory, for the SIMS
. . ) _ ) measurements.
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