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Abstract: An emitter self-aligned InP-based single heterojunction bipolar transistor with a cutoff frequency (fr)
of 162GHz is reported. The emitter size is 0. 8um X 12um, the maximum DC gain is 120, the offset voltage is
0.10V,and the typical breakdown voltage at I =0. 1pA is 3. 8V. This device is suitable for high-speed low-power

applications,such as OEIC receivers and analog-to-digital converters.
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1 Introduction

InP/InGaAs HBTs have many advantages for
high-speed and low power applications owing to
the excellent properties of InP and InGaAs mate-
rial' . Compared to double-heterojunction bipolar
transistors (DHBT) , single heterojunction bipolar
transistors(SHBTs) have higher speed and a simp-
ler epitaxy layer structure since SHBTs do not
need complex collector layers to overcome the
current blocking effect at the base-collector junc-
tion). Some researches on InP/InGaAs HBT
have been done. For example, a self-aligned InP/
InGaAs SHBT using a T-shaped emitter was re-
ported by Su et al"*'. In that work, the current
gain cutoff frequency is 88GHz,and the maximum
oscillation frequency of the device is 72GHz. In
addition,an InP/GaAs, ;5 Sby s/ InP DHBT with a
cutoff frequency(fr) higher than 100GHz was re-
ported by Xu and Watkins"*' .

In this paper, an emitter self-aligned InP-
based SHBT with f; of 162GHz is reported, and
the maximum oscillation frequency (f,.) at the
collector current I. = 34. 2mA is 52GHz. The e-
mitter size is 0. 8um X 12pm. The maximum DC
gain is 120. The offset voltage is 0. 10V.
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2 Design and fabrication

One of the key points for enhancing the op-
eration speed of InP HBTs is minimizing the para-
sitic effects of the devices by using advanced fab-
rication technology. Various technologies for fab-
ricating InP HBTs with self-aligned structures
have been proposed to reduce the parasitic resist-
ance and capacitance. Among them, self-aligned
HBTs with a base-metal overlaid structure are of-
ten used. However HBTs with rectangular emit-
ters,using this technology, suffer from a possible
short circuit between the base and the emitter.
Therefore, hexagonal emitters were proposed by
Matsuoka et al ..

In this work, self-aligned technology with a
base-metal overlaid structure is used, and the e-
mitters are designed to be hexagonal. In order to
minimize the base collector capacitance,the width
of the base is designed to be only 1pm. The fabri-
cation process is as follows.

The epitaxial layers were grown on Fe-doped
semi-insulating InP (100) substrates by MBE. The
layer structure is listed in Table 1. Silicon is used
as the n-type dopant, and beryllium (Be) is used
as the p-type dopant. The emitter contact layer
and sub-collector layer are both InGaAs,and they
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Table 1 Layer structure of the InP SHBT

Layer Thickness/nm Dopant Doping/cm ~*

Ing 53 Gag.47 As 150 Si 1x10%

InP 50 Si 1x10%

InP 70 Si 3X 107
Ing.53Gag.47 As 5 undoped —
Ing 53 Gag.47 As 50 Be 3X 10"
Ing.53Gag.47 As 300 Si 1x10
Ing.53Gag.47 As 50 Si 1x10%

InP 20 Si 1x10"
Ing 53 Gag.a7 As 400 Si 1x10%

Fe-doped semi-insulating InP (100) substrate

are highly doped with a concentration of 1 X 10"
cm™? to reduce the contact resistivity of the elec-
trodes. A 120nm thick InP layer is grown as the e-
mitter layer. The base layer is InGaAs with a
thickness of 50nm and a p-type carrier concentra-
tion of 3X10“cm™?. A 5nm un-doped InGaAs lay-
er between the emitter and the base is for stop-
ping the diffusion of Be impurity from the base to
the emitter.Just as in conventional InP based SH-
BTs,InGaAs is used for both the base and the col-
lector in this work. This enhances the speed of the
InP SHBT,but the narrow energy band-gap of In-

GaAs gives rise to a poor collector breakdown
voltage.

It is well known that the selective wet etching
of InP by HCI @ H;PO, shows strong anisotropic
effects'® . The etching rate is higher in crystal di-
rections parallel to [001] and [010] than other di-
rections. The lack of undercut under the emitter
edges parallel to the [011] direction makes self-a-
ligned structures impossible without massive over
etching'”. The etching rate in directions parallel
to [001] and [010] is so high that it is fatal to
narrow emitter HBTs. Only in the direction paral-
lel to [011] is the etching rate appropriate and the
best undercut shape can be made. Thus it is wise to
use the direction parallel to [011] as the major
self-aligned direction. However, the shape of the
undercut under a mask depends strongly on the
etching time. According to the experimental re-
sults, the etching times of the InGaAs contact lay-
er and the InP emitter layer are 120 and 20s, re-
spectively,just as shown in Fig. 1. In order to e-
liminate short circuits in other directions between
the base and the emitter, the mask is designed to

be hexagonal™®'.

Fig.1 SEM pictures of a transistor profile after laterally etching InGaAs and InP with different etching times

The test structure is parallel to the [011] direction. Etching times of InGaAs and InP in Figs.1(a) ~ (¢) are
160s/10s,80s/61s,and 120s/20s,respectively. We use the etching time of 120s/20s,as in Fig.1(c).

The devices are fabricated using a standard
mesa process with wet chemical etching and con-
tact photolithography. The fabrication process
starts with the formation of the 1pm X 12pm emit-
ter electrodes on the top InGaAs layer with pho-
tolithography and lift-off techniques. The emitter
electrodes are used as a mask for emitter mesa

etching. Selective wet etching is used to form an
appropriate undercut around the emitter mesa and
to reveal the base layer. The lateral etching is a-
bout 0. 1pxm on each edge parallel to the [011 ] di-
rection, so the intrinsic emitter width is about
0. 8pm. The base metal of Ti/Pt/Au is then evapo-
rated over the base region,including the entire e-
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mitter metal, thus forming the base metal overlaid
structure. Owing to the undercut of the emitter e-
lectrode, the base electrode, emitter mesa, and e-
mitter electrode are all self-aligned without any
short-circuit. The extrinsic base resistance is re-
duced greatly compared to un-self-aligned InP
HBTs. Base and collector layers are also etched by
wet etching. Then the sub-collector layer is etched
until the semi-insulating InP substrate is revealed.
After Ti/Pt/Au metal for collector ohmic contact
is evaporated and lifted-off, an inter-connection
metal is formed to connect the electrodes of the
transistors to pads.In order to avoid the break of
the metal at the edge of the emitter electrodes,
air-bridges are used. A scanning electron micro-
graph (SEM) image of the device is shown in
Fig.2.

Fig.2 SEM image of the 0. 8ym X 12ym InP SHBT

3 Results

The common emitter output characteristics
are shown in Fig. 3, where the collector-emitter
offset voltage is approximately 0.1V, the knee
voltage is 0.42V at I. = 23mA, and the common
emitter breakdown voltage is 3.8V. A typical
Gummel plot of this device is shown in Fig.4. The
DC gain increases as the I increases,and the gain
reaches the maximum value of 120 at /. = 40mA.
The base and collector current ideality factors are
1.41 and 1. 43 at low Vg, respectively. The ideal
factors increase at higher Ve, and that of the
base even almost reaches 2.

The RF performance of the InP/InGaAs
HBTs is characterized with an HP8510C network
analyzer. The current gain and the maximum sta-
ble/available gain (MSG/MAG) for the 0. 8y:m X
12pm HBT are shown in Fig. 5. From the S-pa-
rameter measurements. the extrapolated current
gain cutoff frequency fr is 162GHz,and the maxi-
mum oscillation frequency f... is 52GHz. fr and

Fig.3 Collector I-V characteristics of 0. 8um X 12pm
InP SHBT
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Fig.4 Measured Gummel plot of base,collector cur-
rent and current gain as function of Vg
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Fig.5 Current gain, maximum stable/available gain
at Ic =20.4mA, Ve =0.85V
fmax reach their maximum values at I = 34. 2ZmA,
as shown in Fig.6.

4 Discussion

The ideality factors reflect the surface re-
combination of the base. The recombination on
the surface of extrinsic base is decided by one or
both of the following two factors:surface recom-
bination velocity and availability of minority car-
riers in the extrinsic base. If the surface recombi-
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Fig.6 Measured fr and f... as a function of collector
current [¢

nation is limited by the first factor, the current
has an ideality factor of two. Otherwise,the ideal-
ity factor is one. When Vg is small, both factors
contribute to the recombination, but at high Vg,
there are enough electrons diffused to the extrin-
sic base,and a low surface recombination velocity
of InGaAs material limits the surface recombina-
tion. The ideality factor approaches two"*!.

According to Eq. (1), fr shows an increasing
trend when Cpgc is reduced. In this work, the base
width is only 1pm wide (two fingers). This re-
duces the base collector capacitance Cyc»s0 a high
fr is achieved""'.

1 [T X
fT:Zi%§CE+@a+J£+

-1
28 4 (Re + RO Cuc | (1

As shown in Fig. 5, the f.. is about 100GHz
lower than fr. fn.. is described by the equation

X . 1 : )
fmax =/ f1/(8mrs Cyc) " The base resistance is "’

Ty = % x R—ZI;B(O_BCOth( Wy RSHB/PB)+

2 Roa * 5 Ruscw + 5 Row 2)
where Ry is the base sheet resistance, ps is the
specific contact resistance of the base metal-semi-
conductor contact, R exepiy » Reics » Rew are the ex-
trinsic base resistance,base contact resistance,and
base metal resistance, respectively, Lg is the
length of the base, and Wy is the width of the
base. The measured specific contact resistance of
the base metal-semiconductor contact is 2.4 X
10 °Q « cm?,so the base contact resistance R g
is about 12Q. Because self-aligned technology is

used, R 1s about 1. 1Q according to the equa-

tion ch(cpi) = pBSBu/XBLB (where 0B » Spes X» Ly
are the resistivity of the extrinsic base layer, the
base emitter contact spacing, the base thickness,
and the base length,respectively). The base metal
resistance is only about 0. 140 ,so it can be neglec-
ted. The first part of Eq. (2) is 22. 50 where the
sheet resistance of the base measured by the trans-
mission line structure is 1255Q/[]. Compared to
the values reported for InP/InGaAs HBTS, R epi>
is smaller when the self-aligned technology is
used, and the sheet resistance of the base is too
high.Such a high base resistance leads to a very
low funx according to the equation [

V 1/ 8nrgCec) .

The high base sheet resistance might be due
to the base layer structure and dopant. Just as
shown in Table 1,Be is used as the dopant of the
base. Since the diffusivity of Be is relatively high,
Be diffuses from the base region into the emitter
region during the growth. Redistribution of the
base dopant can cause severe degradation of the
HBT characteristics by decreasing the injection
efficiency and increasing the recombination cur-
rent at the base-emitter interface'*’ . Therefore an
un-doped Ing 53 Gag sz As layer is grown between
the emitter and base to stop the diffusion of Be
impurities. During the fabrication process, the
base electrodes are evaporated on the un-doped
layer after etching the emitter. This leads to a
high base resistance. Compared to Be,carbon has
higher acceptor efficiency and low diffusivity'''.
Using carbon as the p-type dopant of the base,the
un-doped layer is not needed to stop the diffu-
sion. The net hole concentration of a carbon-
doped InGaAs base can be as high as 2 X 10*°

cm 3012

;which is much higher than that of a Be-
doped base. Therefore, a carbon-doped InGaAs
base can solve the problem of high base resist-

ance,and a higher f,.. could be expected.

S Summary

InP HBTs with a high cutoff frequency are
fabricated using a conventional wet chemical
etching process. Because the base is narrow, which
reduces base-collector capacitance,the cutoff fre-
quency of the InP/InGaAs SHBT is 162GHz. The
self-aligned technology reduces the extrinsic base
resistance greatly. But the very high base sheet re-
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sistance leads to small f,.,which is only 52GHz.
A structure with a carbon-doped base layer will be
helpful to improve f.x-
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