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Abstract—DC electrical characteristics of a series of InAlAs/
InGaAsSb/InGaAs double heterojunction bipolar transistors
(DHBTSs) that are grown on InP by molecular beam epitaxy are
reported and analyzed. The InGaAsSb base of the transistors leads
to a type-I base—emitter junction and a type-II base—collector junc-
tion, resulting in unique device characteristics, such as low turn-on
voltage, low crossover current, and constant current gain over a
wide current range. In addition, the DHBTs exhibit rather high
current gains despite the use of a heavily doped thick InGaAsSb
base layer. This indicates the long minority carrier lifetime of the
InGaAsSb material. A high current gain over base sheet resistance
ratio is, thus, realized with these novel DHBTSs.

Index Terms—Heterojunction bipolar transistors (HBTs),
InAlAs/InGaAsSb, type-II base—collector (B/C) junction.

I. INTRODUCTION

ECENTLY, InP/GaAsSb/InP double heterojunction bipo-

lar transistors (DHBTSs) have been receiving increasing
attention due to the staggered band alignment (type II) at their
GaAsSb/InP base—collector (B/C) junction, which gives rise to
higher collector current density and higher saturation velocity
Viat as compared with the conventional DHBTSs [1]. Type-II
GaAsSb/InP DHBTs with a high fr = 670 GHz have been
reported by using a graded GaAsSb/InGaAsSb base layer [2],
[3]. On the other hand, the electron pileup effect, i.e., electron
accumulation at the type-II InP/GaAsSb emitter—base (E/B)
junction, often enhances the tunneling recombination current
and affects current gain, particularly at low collector current
levels [4]. This issue can be alleviated by transforming the E/B
junction band alignment from type II to type I, for example,
by using an InAIP or an InAlAs emitter for the GaAsSb
base [4]-[6]. A composite InP/InGaP emitter has also been
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proposed for the same purpose. With a strained InGaP spacer
and a graded GaAsSb base layer, impressive dc and microwave
results are demonstrated in the InP/InGaP/GaAsSb/InP DHBT
[7]. Although crystal quality of this material system still has
room to improve, these reports suggest that eliminating the
electron pileup effect at the type-II E/B junction is beneficial
for high-performance InP-based DHBTs.

Previously, the authors proposed an InP/
In0,37GaO,63Aso_gng0,11 /In0,5gGaO,47As DHBT structure,
which has type-I1 E/B and type-II B/C junctions, respectively
[8], [9]. Low turn-on voltage, high current gain in the low-
current regime, high collector current density, and high
collector average electron velocity were simultaneously
achieved for the InP/InGaAsSb/InGaAs DHBTs. Although
the advantages of the aforementioned DHBTS are evident, the
maximum frequency of oscillation fi,,x of the devices suffers
from high base sheet resistance Rsy. This is due to the low
p-type doping concentration and unoptimized growth condition
of the InGaAsSb base layer. While increasing the doping
concentration in the InGaAsSb base layer could decrease
base sheet resistance, it might also decrease current gain due
to the enhanced Auger process and/or impurity scattering.
Interestingly, in an earlier study, Bolognesi et al. [10] reported
on the suppressed Auger recombination in InP/GaAsSb DHBTSs
with a p*-GaAsSb base. The dc current gain of these DHBTSs
did not follow the quadratic reduction relation with increasing
base doping concentration, indicating that the neutral base
recombination is not governed by the Auger process but, rather,
by hole confinement. Hence, low base sheet resistance can be
achieved by increasing the doping concentration in a graded
GaAsSb base while maintaining a reasonable current gain [7].

In this paper, a novel InGaAsSb base DHBT consisting
of a type-I InAlAs/InGaAsSb E/B junction and a type-II
InGaAsSb/InGaAs B/C junction is proposed. Fig. 1 illustrates
the schematic band alignment of the proposed Ing 52Alg 4sAs/
InxGal,x Aslfy Sby /IIl(),53Ga(),47AS DHBTSs. USiI’lg an InAlAs
emitter results in a type-I lineup, which avoids the electron
pileup issue despite the high Sb content in the base that is
used as compared with the type-II InP/GaAsg 51Sbg 49 E/B
junction. From the material growth aspect, the flux switching at
the E/B interface becomes much simpler since no phosphorus
compound is involved. In addition, the complicated spacer layer
at the E/B junction is no longer necessary for transforming
the type of the heterojunction. The turn-on voltage can also
be reduced in this DHBT because both conduction band dis-
continuity of the InAlAs/InGaAsSb E/B junction and the band
gap of the InGaAsSb base are decreased [11], [12]. Meanwhile,
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Hole mobility of 66-nm-thick Be-doped InGaAsSb with different Sb

the large valence band discontinuity at the InAlAs/InGaAsSb
E/B junction prevents the back injection of holes from the
base to the emitter, improving the electron injection efficiency.
Consequently, low space charge recombination can also be
expected in the abrupt InAlAs/InGaAsSb DHBTs.

The proposed type-1I InGaAsSb/InGaAs B/C junction offers
the advantages of high current density and high electron veloc-
ity [8]. The collector material can also be replaced by InP for
high breakdown voltage consideration as long as the Sb content
of the InGaAsSb layer is higher than 31% to maintain a type-II
lineup [2].

II. MATERIAL GROWTH AND DEVICE FABRICATION

The HBT epiwafers that are used in this study are grown
on semiinsulating (100) InP substrates in a Riber 32P solid-
source molecular beam epitaxy system (MBE) that is equipped
with arsenic- and Sb-valved cracker cells. Since InGaAsSb is
a material system that has not been well studied before, the
basic properties of the system must be investigated. Several
66-nm-thick heavily Be-doped InGaAsSb samples crossing the
entire composition range are grown. For the growth of a high
Sb-content InGaAsSb layer that is lattice matched to InP, the
Ga and In contents are adjusted to maintain a constant growth
rate and V/III ratio. The hole mobility of these samples is char-
acterized by room-temperature Hall measurements, as shown in
Fig. 2. The hole mobility results show a U-shaped dependence
on the Sb composition, implying the presence of a strong alloy-
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Fig. 3. E/B I-V characteristics of the InAlAs/InGaAsSb DHBTSs and the
conventional InAlAs/InGaAs SHBT.

scattering effect, which makes the hole mobility insensitive to
the carrier concentration.

Three DHBT samples are prepared in this paper. They are
designated as Sb(15H), Sb(15L), and Sb(39) and have a 44-nm-
thick InGaAsSb base layer with Sb-content/doping concen-
tration of 15%/1.0 x 10%° cm~3, 15%/6.5 x 10'® cm™3, and
39%/1.1 x 10%° ¢cm™~3, respectively. As shown in Fig. 2, the
hole mobility in InGaAsSb quaternary alloys is weakly depen-
dent on the doping concentration. Different base-doping con-
centrations are used in Sb(15H) and Sb(15L) DHBTS to clarify
the relation between the minority carrier (electron) lifetime and
doping concentration, while different Sb composition in the
InGaAsSDb base layer is adopted to investigate the composition
effects on carrier transport and current gain. A single hetero-
junction bipolar transistor (SHBT) with an InAlAs emitter and
an InGaAs B/C junction is also prepared for comparison.

Large devices with an emitter size of 70 x 70 um? are
fabricated by the triple mesa wet-etching process. Pt/Ti/Pt/Au
metal contacts are used for all the electrodes. The electrical
characteristics of the devices are measured using an HP4156A
semiconductor parameter analyzer.

III. RESULTS AND DISCUSSION
A. I-V Characteristics

As illustrated in Fig. 1, both the conduction and valence
bands move upward as the InGaAs base is replaced by the
InGaAsSb base. The current-transport behavior of the
InGaAsSb base DHBTSs should accordingly change. Fig. 3
shows the E/B junction current-voltage (/-V') characteristics
of the HBTs. The Vpg turn-on voltage of the Sb(15H,15L) and
Sb(39) DHBTs decreases to 0.68 and 0.47 V, respectively, at
a current density of 1 Alcm?, whereas that of the conventional
SHBT is 0.8 V. The decreased turn-on voltage is associated with
areduction of the base band gap and the conduction band offset
as described in our previous study on InP/InGaAsSb/InGaAs
DHBTs [8], [9], [11], [12]. The ideality factor of the
InAlAs/InGaAsSb E/B junction is close to unity and is strong
evidence of the reduced conduction band discontinuity when
increasing the Sb content in the base.

As to the reverse characteristics, the breakdown behavior
of the Sb(15H,15L) DHBTS is similar to that of the SHBT,
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Fig. 4. B/C I-V characteristics of the InAlAs/InGaAsSb DHBTs and the
conventional InAlAs/InGaAs SHBT.

indicating that adding 15% of Sb to the base layer has little
effect on the E/B junction breakdown voltage. However, the
breakdown voltage of the Sb(39) DHBT is obviously lower than
that of the others. This could be due to the nonideal crystal
growth of the InAlAs/Ing 24Gag.76 ASp.615bg.39 E/B junction.

Fig. 4 shows the B/C junction forward and reverse char-
acteristics of the HBTs. In contrast to the E/B junction, the
B/C junction characteristics of these HBTs are less dependent
on the Sb content of the InGaAsSb base. Due to the absence
of conduction band spike at the type-II B/C junction, the
transport of carriers primarily follows the thermionic emission
mechanism, and the turn-on voltage of the junction is basically
related to the band gap of the InGaAsSb base. Through linear
interpolation between the band gap of InAsSb and GaAsSb,
the band gap of Ing 24Gag 76As0.615bg.39 is estimated to be
0.68 eV at 300 K [11], [13]. This is in good agreement
with the 0.69 eV band-edge photoluminescence of a separate
Ing.24Gag.76Aso.615bg.39 bulk layer (not shown). This value
is about 60-70 meV lower than that of the band gap of
InGaAs (0.75 eV) at room temperature, which is consistently
reflected by the reduced B/C junction turn-on voltage of the
Sb(39) DHBT compared with the SHBT. As the band gap of
Ing.42Gag 58 Aso.855b0.15 base layer is close to that of InGaAs,
the B/C junction characteristics of the Sb(15H,15L) DHBTs
and the SHBT are, thus, nearly identical, as shown in Fig. 4.

Due to the asymmetry of the -V characteristics between
the E/B and B/C junctions, the InGaAsSb base DHBTs with
different common—emitter output characteristics are show in
Fig. 5. The collector—emitter offset voltage Ve ofiset decreases
from 470 mV for the conventional SHBT to 370 and 200 mV
for the Sb(15H,15L) and Sb(39) DHBTS, respectively. Theoret-
ically, the Vg oftset can be calculated by [14]

(1) (1)
q arlgs yle

x (Veg—IpRp) + %IBRE (1)

VCE,offset =

where n¢ and ng are the forward- and reverse-active ideality
factors of the collector current and emitter current, respectively;
ar is the forward common-base current gain; /cg and Ipg are
the reverse saturation currents of E/B and B/C junctions; Rg
and Rp are the emitter series resistance and base resistance,
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Fig. 5. Common—emitter output characteristics of the Sb(39) DHBT,
Sb(15H,15L) DHBTS, and conventional SHBT.
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Fig. 6. Typical room-temperature Gummel plots for the InGaAsSb base
DHBTs (solid line) and conventional SHBT (dashed line).

respectively. As indicated by the first term in (1), the offset volt-
age is partly contributed by Ics/Igs, which is, in turn, related
to the symmetry of the E/B junction and B/C junction turn-on
voltage. The second term in (1) describes the contribution of the
forward- and reverse-active ideality factors, which result from
the asymmetry of band alignment at the E/B and B/C junctions.
The value of the last term is usually much smaller than that
of the previous terms and can be neglected. As shown in Fig. 4,
the turn-on voltage of the B/C junction is insensitive to the
Sb content of the InGaAsSb base; the difference in Ve offset
among these InGaAsSb DHBTSs can thus be attributed to their
different E/B junction turn-on voltage and forward-active ide-
ality factor n¢ that result from the different band alignment at
the E/B junction of these InGaAsSb base DHBTS.

B. Gummel Plot and Current Gain

Fig. 6 shows the typical Gummel plots of the InGaAsSb base
DHBTSs and conventional SHBT. Clearly, the turn-on voltage
of the Sb(39) DHBT is much lower than that of the SHBT.
The ideality factor of the base current np is 1.2 and 1.3
for the Sb(39) DHBT and Sb(15H,15L) DHBTS, respectively,
indicating that the bulk recombination current dominates over
the space-charge recombination current Ip s, compared with
the np of 2.0 that is observed on the conventional SHBT. The
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low ideality factor maintains at low-current region, resulting
in a lower crossover current of 1 x 1071% A (I = I, 3 =1)
compared with that of the conventional SHBT. Meanwhile, the
current gain as a function of the collector current is plotted
in Fig. 7. The InAlAs/InGaAsSb/InGaAs DHBTs maintain a
reasonable current gain (5 > 20) for a wide collector current
range from 4 x 1078 to 8 x 1072 A. At a collector current
density J¢ of 1 kA/em? (Ic = 49 mA), the current gain of the
Sb(39) DHBT is as high as 51 for a base-doping concentration
of 1.1 x 10%* cm~3. Another noteworthy characteristic of these
devices is the weak dependence of their current gain on base
doping Np. The current gain is 35 and 44 for a base-doping
concentration of 1.0 x 10?° cm™3 for the Sb(15H) DHBT and
6.5 x 10 cm~2 for the Sb(15L) DHBT, showing the suppres-
sion of the neutral base recombination. This may be related to
the intrinsic material property, such as the minority (electron)
carrier lifetime.

C. Minority Carrier Lifetime in InGaAsSb DHBTs

To obtain more insight into the reason for the high current
gain at such a high base doping level, the minority carrier
(electron) lifetime 7, of the Sb(15H,15L) DHBTSs are estimated
using the method that is reported by [10]. As discussed earlier,
IB pbuik dominates the total base current of the InGaAsSb
DHBTSs. The current gain of the DHBTS can, thus, be expressed
as [14]

I C Tn

- @)

IBbux 7o

where 7, is the minority carrier (electron) lifetime in the
base; 7, is the base transit time in an uniformly doped
base. In our previous work, the base-transit time of an
Ing.37Gag.63AS0.805bg.11 base DHBT was estimated using an
electron exit velocity Voyy of 2.54 X 107 cm/sec that is deduced
from its current gain cutoff frequency. The electron diffusion
coefficient D,, in the Ing 37Gag g3A80.895bg.11 base was, thus,
calculated to be 97 cm?/sec (£10%) [8]. As the composition
of the base is close to that of the Sb(15) DHBTs and D,
weakly depends on a p-type doping concentration ranging from
3.0 x 10 em™3 to 1.0 x 10%° cm™3 [15], the minority carrier
lifetimes of the Sb(15) DHBTSs are estimated using the same
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TABLE 1
ELECTRICAL PROPERTIES AND ESTIMATED MINORITY CARRIER
LIFETIMES OF THE 44-nm-THICK In,Gay —;As1—Sby BASE DHBTSs

HBT Np B Ta (PS) Rsh
Sby Ing N /Rsh
Sample (x lOlgcm")(lkA/cmz) Estimated (Ohm/sq)
Sb(15H) 15 42 10 35 9.5 1030 0.034
Sb(15L) 15 42 6.5 44 12.0 1743 0.025
Sb(39) 39 24 11 51 18.5 778 0.066
SHBT 0 33 42 62 - 663 0.093
i
: 300 K
: Ny
© ©, &} L)
z 01k o O%%&ow"
% F o Iy 5,Gay 7678 615D 39 (QO%O
= 1~ 14.4 ps ]
L © 1Ny 4,68 558, 5550 45
1~ 12.1 ps
0.01 P
0 20 40 60 80 100

t[ps]

Fig. 8. Room-temperature time-resolved EC spectroscopy that is per-
formed on In;Gay —,Asy —Sby, bulk samples. The lifetime/concentration for
the Ing.24Gag.76Aso.61Sbo.39 and Ing.42Gag.58Asp.855bo.15 bulk layer is
14.4ps/1.1 x 102° cm =3 and 12.1 ps/6.5 x 101 cm™—3, respectively.

D,, value. Since there is no report on D,, for InGaAsSb with
a high Sb content, the D,, of Sb(39) DHBT is assumed to be
51 cm?/sec (£30%). This value is arrived at through linear
interpolation between the reported value of 43 cm?/sec for
GaAsg.g2Sbg 35 and 120 cm2/sec for Ing 53Gag 47 As [15]-[17].
The estimated minority carrier lifetime 7,,, along with the other
parameters of the DHBTS, are summarized in Table I.

As shown in Table I, the minority carrier lifetimes 7, are
calculated to be 9.5 and 12.0 ps for the Sb(15H) and Sb(15L)
DHBTSs, respectively. The 7, that is estimated here shows
weak dependence on Np, which is similar to that observed for
InP/GaAsSb/InP DHBTS [10]. The calculated 7, for the Sb(39)
DHBT is 18.5 ps, which is longer than the 7,, for the Sb(15)
DHBTs.

The minority carrier lifetimes are also checked on a sepa-
rate set of InGaAsSb bulk layers by time-resolved excitation
correlation (EC) spectroscopy, as shown in Fig. 8. The EC
signal is extracted from the sum-frequency component by using
a lock-in amplifier. The carrier lifetime can be determined
by monitoring the EC signal as a function of the interpulse
delay time . For the heavily doped InGaAsSb samples that
are investigated here, the EC signal predominantly arises from
the effect of differential absorption: the photocarriers that are
generated by the first pulse make the second pulse less likely
to excite as many photocarriers due to fewer available states.
Therefore, the decay traces are governed by the minority carrier
lifetime in the heavily doped background, as shown in Fig. 8.
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TABLE II
MINORITY CARRIER LIFETIMES THAT ARE MEASURED BY
TIME-RESOLVED EC SPECTROSCOPY FOR THE 66-nm-THICK
InyGay — Asy—4Sby BULK LAYERS

Bulk Ns Ta(ps) Rsh
Sby In, o
Sample (x107em™) measured  (Ohm/sq)
Sb(15) 15 42 6.5 12.1 1029
Sb(39) 39 24 11 14.4 521
(Wg=44 nm) InGaAs (Wg=30 nm)  GaAsSb (Wg=20 nm)
* NCU Sb(39) A UCSB, ref[19] ® UIUC, ref[3]

* NCU Sb(15HL) AlGaAsSb (Wg=30 nm) @ CNRS, ref [5]
% NCU SHBT @ Agilent, ref [20] m ETHZ, ref [7]
T : =

— 150 F y pAL
& BRg01 / BIRg;~0.05-0.1
O 125 ;
5 r / B/ RSH~
5100 - o
= 0 /o
« 751 /

/o
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§ 25 i ) w,,tsli‘(/‘l/éH) i
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Fig.9. Current gain 3 versus base sheet resistance Rsyy for InGaAs, GaAsSb,
and InGaAsSb base HBTs.

Table II lists the 7,, that are deduced for the 66-nm-thick
InGaAsSb bulk layers. For the Ing 42Gag 55As0.855bg.15 sam-
ple, the deduced 7,, is 12.1 ps, which is in good agreement
with the 7,, that is estimated for the Sb(15L) DHBT. How-
ever, there exists a discrepancy in the 7,, which is 18.5 ps
versus 14.4 ps, that are obtained by the two methods for
Ing 04Gag 76ASg.61Sbg.39. This could be due to an underesti-
mation in the D,, of the Sb(39) DHBT. For a 7,, of 14.4 ps, the
D,, has to be 90, which is close to that of the Sb(15L) DHBT.
As the experimental results show, the D,, might also have a
weak dependence on the Sb content, which is similar to the case
of hole mobility that is depicted in Fig. 2. The observed long
electron lifetime (7,, > 10 ps) in InGaAsSb is rather unique as
compared with that of the Ing 535Gag 47As and GaAsg 51 Sbg.49
materials at similar doping concentrations. The possible reason
for the longer 7,, in heavily Be-doped InGaAsSb could be the
smaller Auger recombination coefficient in InGaAsSb [18].

The base sheet resistance Rgp of the InAlAs/InGaAsSb/
InGaAs DHBTs that is characterized by the transfer length
method is listed in Table I. Since both current gain and electron
lifetime show weak dependence on base-doping concentration,
while the base sheet resistance decreases with increasing dop-
ing concentration, a high §/Rgy value of 0.034 is observed
for the Sb (15H) DHBT. Moreover, the Sb(39) DHBT exhibits
a high current gain of 51 and a low base sheet resistance
of 778 ohms per square, leading to an even higher 3/Rsn
value of 0.066. With similar base-doping level, the higher
(/Rsu value for Sb(39) over Sb(15H) is attributed to the
longer minority carrier lifetime and higher hole mobility of the
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Ing.24Gag.76As0.615bg.39 base. Fig. 9 shows the current gain
versus the base sheet resistance for HBTs with an InGaAs,
GaAsSb, or InGaAsSb base [3], [5], [7], [19], [20]. As shown
in this figure, the Sb(39) DHBT has an excellent 3/Rsy
ratio and compares well to the state-of-the-art InP/InGaAs and
InP/GaAsSb DHBTSs.

IV. CONCLUSION

The dc electrical characteristics of the novel InAlAs/
InGaAsSb/InGaAs DHBTs with different Sb contents have
been systematically investigated. The Vg offset and the turn-
on voltages decrease with increasing Sb content, which is
accounted for by the band lineups at the E/B and B/C junctions.
The current gain of the DHBTs show weak dependence on the
doping concentration, suggesting that low base sheet resistance
can be achieved by increasing the doping concentration. The
minority carrier lifetimes of InGaAsSb layers that have been
measured by the time-resolved EC spectroscopy are longer than
those of InGaAs and GaAsSb, supporting the high current gain
that have been observed on these DHBTSs despite their high
base doping and thick base layer. A current gain/base sheet
resistance ratio (5/Rsu) as high as 0.066 has been achieved
on the DHBTSs with an Ing 24Gag 76AS0.615bg.39 base. These
experimental results demonstrate the potential of the proposed
DHBTs for low-power high-speed digital circuits.
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