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Abstract: A non-micro-air-bridge InP-based heterojunction bipolar transistor (HBT) is fabricated. A very small emitter

side etching (<{100nm) is developed and makes a submicron InP-based HBT possible. The current gain cutoff frequency is

as high as 238GHz for the submicron HBT with an emitter area of 0. 8um X 15um due to the reduction of emitter width. A

base-collector over-etching technology is developed, resulting in a reduction of base-collector junction area and an increase

in the maximum oscillation frequency. A very high Kirk current density of 3. 1mA/um® is obtained. To the best of our

knowledge, the current gain cutoff frequency is the highest among three-terminal devices in China and the Kirk current

density is also the highest in HBTs reported in China. This is very helpful for the application of HBTs in ultra high-speed

circuits.
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1 Introduction

InP-based HBTs have been extensively studied in
recent yecars. Compared with SiGe/Si HBTs, InGaAs/
InP HBTs have much better high frequency perform-
ances due to lower lattice mismatch between InGaAs
and InP, larger band discontinuity between emitter
and base, lower base contact resistance, and higher
saturation velocity of electrons in the collector,and so
on. The collector current density needs to be maxi-
mized to improve the speed of circuits'’’. A method to
increase the collector current density is to decrease
the emitter width. To increase the high frequency per-
formances of HBTs, the emitter width decreases fur-
ther and the active region becomes smaller. A submi-
cron HBT is necessary for analog circuits working at
W-band and higher frequencies and mixed-signal cir-
cuits at very high speed”® . To develop submicron
HBT, the parasitics must be considered carefully. Yu
et al. developed double and single p-air bridge tech-
nologies to reduce the parasitics™ . The current gain
cutoff frequency (f,) could reach 147GHz for the
double p-air bridge HBT and 178GHz for the single p-
air bridge HBT. This indicates that the reduction of
the p-air bridge can reduce the parasitics and increase
f.. However, this technology is not suitable for submi-
cron HBT fabrication because the alignment of the
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aligner can not meet the requirement and an air
bridge with such a small connection is not reliable.
Recently, we developed a layout to avoid using both
emitter and base p-air bridges. A recorded current
gain cutoff frequency was as high as 210GHz when
the emitter size is 1.4pm X 15,m"’. The submicron
emitter width can further improve the high frequency
performances. To develop a submicron HBT,the most
important things are the submicron photolithography
and a very small emitter under etching. However,
there is no report on the submicron InP-based HBT
and there is also no report on the Kirk current density
of InP-based HBTs in China so far. In this paper.,we
mainly concentrate on solving the small emitter un-
der-etching and submicron photolithography. An HBT
with the width of the emitter as small as 0. 8;m has
been fabricated successfully,and f, reaches as high as
238GHz and a very high Kirk current density of
3. 1mA/um’® has been obtained. Both the f, and the Kirk
current density are the best recorded values in China.

2 Device fabrication

The HBT layers were grown by gas source molec-
ular beam epitaxy (GSMBE) on semi-insulating InP
substrate. The band diagram of the layer structure is
shown in Fig. 1. The layer structure of the HBT con-
sists of a 300nm InP (Si:3 X 10” cm™*) and a 50nm
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Fig.1 Band diagram of the InGaAs/InP HBT

Iny 53 Gay. 47 As subcollector (Si:3 X 10 cm ™ *),a 10nm
InP etch stop layer (Si:1.5X10%cm™®) and a 30nm
Ing 53 Gag o As (Si:1X10%cm ®),a 245nm InGaAs col-
lector (Si:1 X 10" cm™),a 40nm InGaAs base layer
(Be:3 X 10Ycm™®),a 5nm InGaAs (unintentionally
doped) to avoid the Be diffusion,a 60nm InP emitter
(Si;:3%X10"ecm ?),a 90nm InP (Si:3X10"cm *),and
a 40nm In, s; Gag 4 As cap layer (Si:3 X 10 cm™?).
The HBTs were fabricated by contact-mode photoli-
thography,conventional wet etching,and metal depo-
sition with 3-mesa design. Non-alloyed Ti/Pt/Au is
used as n- and p-type Ohmic contacts. InP was etched
by a HCI-based etchant,and InGaAs was etched by a
H; PO, -based etchant. The planarization of the device
was done by polyimide,which allows the contact con-
nections with pads without a micro-air bridge to avoid
the micro-air-bridge-related parasitics. After the pla-
narization,the dielectric film is etched back to expose
the emitter contact and base and collector posts. Fig-
ure 2(a) shows a photograph of the HBT. The emitter
area is 0. 8um X 15ym. The emitter contact and the
base and collector posts are all higher than the dielec-
tric film. The emitter contact and posts are connected
with the outside pads through a thick Au film. There
are several advantages in this structure:first, the emit-
ter area can be made very small;second,the parasitics
related to the emitter and base contacts are reduced;
third, the thermal heat generated can be easily dissipated
through the emitter pad.

Figure 2(b) shows the cross-section of the HBT.
In the current process, we mainly optimize the photo-
lithography and the emitter under etching to develop
the submicron HBT process. Figure 2 (b) shows that
the undercut of the emitter is less than 100nm. The
base and collector are deeply etched to decrease the
base-collector area. The DC and RF characteristics of
the HBTs were measured by an HP 4515B semicon-
ductor parameter analyzer and an HP 8510C vector
network analyzer, respectively.

()

Fig.2 (a) Photograph of the submicron InGaAs/InP HBT af-
ter dielectric planarization; (b) Cross-section of the submicron
HBT E.B,and C are the connections of emitter,base,and col-
lector.

3 Results and discussion

The DC measurement of the submicron HBT
shows that the current gain is more than 100 and the
breakdown voltage is 3. 2V. Figure 3 shows | hy | and
the maximum stable gain/maximum available gain
(MSG/MAG) as a function of the measured frequen-
cy at the collector-emitter junction voltage V¢ =
1.1V and base current Iy =0. 2ZmA. Under these con-
ditions, the collector current, I¢,is 23. 8mA, making
the DC current gain of the device more than 110. The
DC current gain of 110 is a very high value for the
emitter area of 0.8um X 15p,m, indicating good pro-
cessing control. The slopes of the two guidelines in
Fig. 3 are —20 dB/decade, thus f, =238GHz and f.. =
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Fig.4 f, as a function of I¢

76GHz can be extrapolated. f, of the submicron HBT
is larger than that of the HBT with 1. 4pm X 15,m"™",
indicating the superiority of the small emitter size.
The f, is even higher than that of the InGaAs/InP
HBT with the Be doped base developed by trans-
ferred-substrate technology'® . To the best our knowl-
edge.the f, is the highest in China.

f. and f,. can be expressed as follows'® .
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foax =/ fi/BrrgCye) (2)
where n is the ideality factor of collector current, k is
the Boltzmann’s constant, T is the temperature of the
device, g is the electric charge, I is the collector cur-
rent, Cyz and Cye are the capacitors of the base-emit-
ter and base-collector junctions, respectively, X are
the thickness of the base, D, are the electron diffu-
sion coefficient in the base, X, is the depletion layer
thickness of the collector.v is the coefficient of the
base transmit time (v =2 in the case of non-grading
composition and doping in the base) , v, is the satura-
tion velocity of electrons in the collector, Ry and R
is the resistances of the emitter and collector con-
tacts,respectively and ry is the resistance of the base.

Our previous work showed that the lower [, is
due to the large contact resistances and the large spe-
cific sheet resistance. Compared with the results in
Ref.[5],the maximum oscillation frequency increases
by 35% . We believe that the increase in f,,, is mainly
due to the reduction of Cyc. The deep undercut base
and collector etching is developed, as shown in Fig. 2
(b). This decreases the base-collector junction area
and decreases Cgc. The f,. is thus increased by the
reduction of Cge.

Another advantage of the submicron HBT is the
high Kirk current density. Figure 4 shows f, as a func-
tion of I. for the submicron HBT. This figure shows
that f, increases linearly with an increase in the log-
arithm of I..From Eq. (1), the increase actually re-

flects the first term in the bracket on the right side.
However, f, decreases with an increase in I when I
is larger than 28mA. This effect is not indicated in
Eq. (1) and is due to the Kirk effect'”’. The carriers
injected from the emitter-base junction go through
the base and are collected by the collector. The carrier
density in the collector increases as [ increases.
When the carrier density is larger than the collector
doping density, the slope sign of the electric field in
the collector changes. The electric field of the collec-
tor at the base side can reach zero when the collector
current increases further. The corresponding current
density is the Kirk current density. If the collector
current increases, the electric field of the collector is
positive and the base region will extend into the col-
lector. Because the carriers go through the base by
diffusion and the diffusivity is typically very small in
a highly doped base,the extension of the base thus in-
creases the transient time of the carriers in the base.
fi decreases accordingly. The Kirk current is the max-
imum operation current of HBTs in the circuits. To
increase the speed of the circuit, the Kirk current
should be as high as possible. In addition, f, increases
before the collector current reaches the Kirk current,
as seen in Eq. (1). Thus the increase of Kirk current
can also result in an increase in f,.If we consider the
undercut of the emitter,the real emitter area is 0. 6pm
X 15pm. The Kirk current density is thus as high as
3. ImA/pm*,which is a very high value.

4 Conclusion

In summary, non-micro-air-bridge processing of
InGaAs/InP HBT has been successfully demonstra-
ted. A very small emitter side etching (<{100nm) has
been developed and makes a submicron InP-based
HBT possible. The recorded current gain cutoff fre-
quency of 238GHz has been obtained for the submi-
cron HBT with an emitter area of 0. 8um X 15,m and
the maximum oscillation frequency is increased to
76GHz, which benefits from the base-collector over-
etching technology. A very high Kirk current density
of 3. 1mA/um* has been demonstrated. These results
indicate the advantages of our layout design and the
improvement of our process.
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