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be attributed to a higher peak electric field near the drain junction,
which increases with increasing tilt angle.

IV. CONCLUSIONS

The experimental results presented in this paper show optimization
trends for SH p-MOSFETs with various halo implantation angles. As
can be seen from the experimental data, SH MOSFETs show a higher
current drive and saturation transconductance, which can be attributed
to an increase in the average velocity of channel carriers in these de-
vices. It has also been shown that a decrease in the peak lateral electric
field in the SH MOSFETs gives rise to an improved reliability perfor-
mance, as can be seen from the measured substrate currents and inter-
face degradation. Our results also indicate that the lower tilt angles for
VT adjust implant give rise to a better confinement of channel doping
concentration near the source side, which is effective in improving the
device transconductance as well as the reliability performance.
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New Collector Undercut Technique Using a SiN Sidewall
for Low Base Contact Resistance in InP/InGaAs SHBTs

Kyungho Lee, Daekyu Yu, Minchul Chung, Jongchan Kang, and
Bumman Kim

Abstract—A new collector undercut process using SiN protection side-
wall has been developed for high speed InP/InGaAs single heterojunction
bipolar transistors (HBTs). The HBTs fabricated using the technique have
a larger base contact area, resulting in a smaller DC current gain and
smaller base contact resistance than HBTs fabricated using a conventional
undercut process while maintaining low . Due to the reduced base
contact resistance, the maximum oscillation frequency ( ) has been
enhanced from 162 GHz to 208 GHz. This result clearly shows the
effectiveness of this technique for high-speed HBT process, especially for
the HBTs with a thick collector layer, and narrow base metal width.

Index Terms—Base–collector capacitance, base resistance, collector un-
dercut, heterojunction bipolar transistors (HBTs).

I. INTRODUCTION

Many research works have been devoted to reducing the base–col-
lector capacitance (Cbc) and base resistance (Rb) in HBT for a high
speed operation sincefmax = fT =8�RbCbc. Ion implantation tech-
nique is the most widely used for reducedCbc of GaAs HBTs, but it
is not a viable technique for InP-based HBTs [1], [2]. Regrown base
[3], and L-shaped base electrodes [4] are used for reduction ofRb. The
transferred substrate technique, which can minimize theCbc, yields an
HBT with fmax in excess of 1 THz [5]. Simple collector undercut is
the most widely used to reduce theCbc of InP double-HBTs due to the
selective etching nature [6]–[8]. In the case of single-HBTs, however,
the base layer is also etched during the collector undercut process be-
cause the selective etch cannot be employed.

In this brief, we propose a new collector undercut technique that
does not etch the base layer laterally using SiN protection sidewall.
Because the base contact layer is intact during the undercut, the contact
resistance is maintained low. In this process, the surfaces of the emitter
sidewall and extrinsic base are passivated by polyimide [9] and a low
parasitic interconnection using air-bridge is also employed. The RF
performance data of the HBT clearly demonstrate the effectiveness of
the new process technique.

II. DEVICE STRUCTURE AND FABRICATION

The epitaxial layer of the fabricated HBTs is grown by solid source
molecular beam epitaxy (SSMBE) on a Fe-doped semi-insulating (100)
InP substrate, starting with a 5000 Å InGaAs subcollector layer and
6000-Å-thick, 2.0� 1016 cm�3 Si-doped collector layer. The 600 Å
InGaAs base is Be-doped to 3.0� 1019 cm�3 with a 70-Å undoped
spacer. The emitter layer is a 1000-Å InP with Si-doped to 5.0� 1017

cm�3, followed by the InGaAs cap layer. The details are outlined in
Table I.

Fabrication starts with the evaporation of Ti/Pt/Au emitter contact
metals. Emitter etch, which is the most delicate step, was carried out by
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TABLE I
EPITAXIAL LAYER STRUCTURE OFFABRICATED HBTs

Fig. 1. Process flow of new collector undercut technique. (a) Self-aligned
base metal, (b) emitter metal widening, (c) SiN deposition, and (d) removal of
residual polyimide.

selective etch of citric-based and subsequent hydrochloric-based wet
processes, and the emitter was slightly undercut. After the emitter etch,
a self-aligned Pt/Ti/Pt/Au base metal was evaporated [Fig. 1(a)]. The
emitter was protected by photoresist using base contact mask, and the
base and collector layers were then etched with a citric-based etchant.
Next, polyimide was coated and then flatly etched without mask using
O2 RIE until the emitter metal was exposed. Next, a Ti/Au emitter
widening metal was evaporated [Fig. 1(b)], and second, polyimide etch
was performed until the thickness of the residual polyimide was about
2000 Å. Next, SiN was deposited [Fig. 1(c)]. The SiN was mask etched
and the residual polyimide was removed by ashering [Fig. 1(d)]. The
collector was undercut but the base layer was protected by the SiN
sidewall. A sulfuric-acid based etchant was used. The subcollector was
etched for isolation, and AuGe/Ni/Au collector ohmic metal and pad
metal were evaporated and alloyed. Au air-bridge formation followed.
For comparison, conventionally processed HBTs were also built. We
call the former HBT-N and the latter HBT-C. The schematic cross sec-
tions, which are not accurately scaled, of both devices used for eval-
uations are shown in Fig. 2(a) and (b). An SEM picture of the fabri-
cated HBT with new collector undercut process is shown in Fig. 3. For
high speed InP HBTs, the emitter and base metal widths are 1�m. The
base-to-emitter spacing measured from SEM picture is 0.1�m. The

Fig. 2. Schematic cross sections of fabricated devices: (a) HBT-N with new
undercut process and (b) HBT-C with conventional undercut process.

Fig. 3. SEM picture of the front view of the fabricated HBT with new undercut
process.

Fig. 4. Common emitter – characteristics of HBT-C (dashed lines)
and HBT-N (solid lines).

thickness of the collector layer is 0.6�m with 0.5�m subcollector.
During the collector undercut of more than 0.6�m, if the base layer is
not protected it can be easily attacked.

III. RESULTS AND DISCUSSION

The current–voltage (I–V ) curves of the two HBTs with 1� 20
�m2 emitter area were measured and depicted in Fig. 4. As shown, the
common-emitter dc current gain (�) of the HBTs are about 23 and 14
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Fig. 5. versus characteristics for HBT-C (empty) and
HBT-N (filled) at = 1 10 A/cm and = 5 10 A/cm .
Emitter sizes used: 1 20 m , 2 20 m , and 3 20 m .

for HBT-C and HBT-N, respectively, at a collector current density of
1� 105 A/cm2. In order to explain the difference of dc current gains
of the devices, the base currents were decomposed using the following
relationship:

JC
1

�
= JBA + 2JBP

1

WE

+
1

LE
(1)

whereJBA is the base current component including bulk recombina-
tion, space charge recombination, and back injection currents, which
are proportional to the emitter area,JBP is the base current component
including surface recombination and contact recombination currents,
which are proportional to the emitter periphery.JC=� was measured
as a function ofPE=AE and is depicted in Fig. 5. From the figure,
we foundJBA of 15.72�A/�m2 and 15.83�A/�m2 andJBP of 6.11
�A/�m and 11.77�A/�m at a collector current density of 5� 104

A/cm2 for HBT-C and HBT-N, respectively. These strong emitter size
effect arose from the contact and surface recombination currents due to
small emitter width and narrow base–emitter contact spacing, although
InP-based HBTs have low surface recombination velocity and launcher
effect by emitter-base hetero-interface. Since both devices were made
with the same wafer and the same process, except the undercut collector
step, the two devices are identical except the undercut area. As shown
in Fig. 2, HBT-N has a large base contact area compared to HBT-C.
Therefore, it has a larger contact recombination current. Moreover, the
large unpassivated area below the base layer further enhances the sur-
face recombination for HBT-N. Therefore, it has a lower�. The break-
down voltages of each device at an open baseBVceo are 15 V for the
HBT-C and 17 V for the HBT-N at a collector current of 100�A. As
shown inI–V curves, the knee voltage and offset voltage are 0.36 V
and 0.37 V at a collector current density of 1� 105 A/cm2, 0.08 V and
0.09 V for HBT-C and HBT-N, respectively. These differences in dc
characteristics arise from difference of the dc current gain.

MicrowaveS-parameters were measured on wafer over a frequency
range of 0.5 to 40 GHz using an HP8510C network analyzer. Fig. 6
shows a comparison of gain-frequency characteristics of the HBT-C
and HBT-N. ThefT andfmax of HBT-C are 78 GHz and 162 GHz,
respectively, atIC = 14:3 mA andVCE = 2:0 V, and those of HBT-N
are 80 GHz and 208 GHz, respectively, at the same bias point. HBT-C
is more stable than HBT-N. Fig. 7 shows the dependencies offT and
fmax on the collector current density for both devices, which are quite
similar. These differences in characteristics can be described by the
differences in base resistanceRb, since a device can be more stable

Fig. 6. Frequency dependencies of , MSG/MAG, U, and stability factor
( ) as determined by -parameter measurements.

Fig. 7. Dependence of and on collector current density for HBT-C
and HBT-N at = 2 0 V.

for largerRb andfmax is dependent onRb, also. Therefore, we have
investigatedRb, which is given by

Rb =
RSBSE
12LE

+
RSBSEB
2LE

+

p
�BCRSB

2LB
cothSB

RSB

�BC
(2)

whereRSB is base sheet resistance,SE andSB are emitter and base
widths (1.0�m in our case),LE andLB are emitter and base lengths,
respectively,SEB is emitter to base spacing (0.1�m), and�BC is
base-specific contact resistivity. Base sheet resistance of 640
= and
specific contact resistivity of 3.0� 10�6 
� cm2 were measured using
transmission line measurement pattern. The transfer length,LT , ex-
pressed as �BC=RSB is 0:68 �m for our case, and it can be longer
for the smaller base sheet resistance and larger base specific contact
resistivity. As shown in Fig. 2(b), the effective base contact width be-
comes narrower for HBT-C due to the lateral etch of the base layer.Rb

of the device can be increased exponentially as the base contact area
becomes narrower thanLT [see the last term of (2)]. Thus,Rb of the
HBT-C can be large. Since the base contact layer of HBT-N is main-
tained intact during the collector undercut formation, it is expected that
theRb of HBT-N will be lower.

To estimate the total base resistanceRb, the small signal model pa-
rameters of the two HBTs were extracted and listed in Table II. As
shown, both devices have similar values ofCbc, indicating that the
capacitances are reduced successfully for both devices. However, the
base resistances are quite different, 31.53
 and 20.40
 for HBT-C
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TABLE II
EXTRACTED SMALL -SIGNAL PARAMETERS OF THETWO HBTs

WITH 1 20 m EMITTER AREA

and HBT-N, respectively. This data clearly shows that the new process
with SiN protection wall is working properly. Consequently, the base
resistance,Rb, is reduced by 35% and maximum oscillation frequency,
fmax, is enhanced by 30% (from 162 GHz to 208 GHz). Since the base
resistance does not affect the transit time,fT s of the two HBTs are
quite similar, around 80 GHz.

IV. CONCLUSION

In order to reduceCbc without increasingRb, we have developed a
new collector undercut process using a SiN protection sidewall. Since
the base layer is intact during the collector undercut formation, it main-
tained a wide base contact region, while the region for conventional
process is laterally etched. Due to the wide base contact region, the
HBTs have a smaller current gain and smaller base resistance with sim-
ilarly low Cbc compared to the HBTs with the conventional undercut
process. We have demonstrated a 35% reduction of base resistance and
a 30% increase offmax. fmax is enhanced from 162 GHz to 208 GHz
for 1� 20�m2 emitter HBTs.
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Third-Order Intermodulation Reduction by Harmonic
Injection in a TWT Amplifier

Michael Wirth, Aarti Singh, John Scharer, and John Booske

Abstract—A method for reducing the two-tone third-order intermodula-
tion products arising from two carrier frequencies at 1.95 and 2.00 GHz is
demonstrated in a traveling wave tube-distributed amplifier. The optimum
amplitude and phase of an injected second harmonic and the resulting in-
termodulation suppression of up to 24.2 dB are examined for fundamental
drive levels approaching saturation.

Index Terms—Harmonic injection, IM3, nonlinear distortion, traveling
wave tube.

I. INTRODUCTION

When multiple carrier frequencies are amplified in a traveling wave
tube (TWT) or other nonlinear amplifier, various order intermodulation
products (IMPs) arise from the sum and difference of these frequencies.
Certain IMPs are of concern since they lie close to the fundamental
tones being amplified, thereby limiting the useful bandwidth of the am-
plifier. For example, in a simple excitation off1 andf2, the two-tone
third-order intermodulation products (IM3s) arise from2f1 � f2 and
2f2 � f1, whereas fifth-order intermodulation products (IM5s) with
nearby frequencies arise from3f1� 2f2 and3f2� 2f1. The work de-
scribed here injects an additional signal into a TWT at the frequency of
the second harmonic of the upper fundamental drive tone(f2). When
this injected signal at2f2 is of the proper phase and amplitude, a sig-
nificant reduction in the upper IM3(2f2 � f1) is observed.

This paper presents a detailed experimental examination of IM3 re-
duction using the harmonic injection technique in a TWT distributed
amplifier. A recent study by Aitchisonet al. [1] has demonstrated the
effectiveness of this technique in narrowband, solid-state amplifiers at
835 and 880 MHz. They obtain substantial reduction in IM3 levels by
both second harmonic and difference-frequency injection techniques.
Work by Dattaet al. [2] and Wöhlbieret al. [3] describe theoretical
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