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Abstract

A new self-aligned emitter—base metallization (SAEBM) technique with wet etch is developed for high-speed heterojunction bipolar
transistors (HBTs) by reducing extrinsic base resistance. After mesa etch of the base layer using a photo-resist mask, the base and emitter
metals are evaporated simultaneously to reduce the emitter—base gap (Sgg) and base gap resistance (Rgap). The InP/InGaAs/InP double
heterojunction bipolar transistor (DHBT) fabricated using the technique has a reduced Rgap, from 16.48 Q to 4.62 Q comparing with the
DHBT fabricated by conventional self-aligned base metallization (SABM) process. Furthermore, we adopt a novel collector undercut
technique using selective etching nature of InP and InGaAs to reduce collector-base capacitance (Ccg). Due to the reduced Rgap,
the maximum oscillation frequency (fiax) for a 0.5 pm-emitter HBT is improved from 205 GHz to 295 GHz, while the cutoff frequency

(fr) is maintained at around 300 GHz.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The operation frequency of transistors has been pushed
steadily into higher frequencies due to the demand for
high-speed circuits. To achieve a high cutoff frequency
(fr) and maximum oscillation frequency (fi,.x), Which are
the figures of merit for high-speed performance, the HBT
design must achieve low base and collector transit times
for high ft; balance between collector transit time, break-
down voltage and collector-base capacitance (Ccg); mini-
mize the base resistance (Rg); minimize the extrinsic Ccg;
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and minimize the emitter contact resistance (Rg). Ccp
and Rg especially are important factors for high fi,.x since
Jmax = \/fr/87RgCcp. Much research work has been
devoted to reduce Ccg and Rg. To reduce Ccp, ion implan-
tation [1,2] and undercut techniques are widely used [3,4].
Another solution to reduce Ccp is scaling the device later-
ally [5,6]. To reduce Rp, the base layer is thick and heavily
doped. The doping concentration, however, is limited to
8 x 10" cm ™ for p-type InGaAs by epitaxial growth tech-
nology, and the thickness cannot be too thick, which is lim-
ited by base transit time. Regrown base [6] and L-shaped
electrodes [7] for reduced Rp have also been introduced.
Ry is composed of intrinsic base resistance (Rpy), base con-
tact resistance (Rcont), and base gap resistance (Rgap).
Rg; can be controlled by vertical and lateral scaling. RconT
is minimized by optimized metal composition, for example,
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Pt for p-type InGaAs, but it cannot be scaled. Rgap can be
minimized by reducing the distance between emitter and
base metal. Dry etching of the emitter cap and emitter layer
can create a short-distance gap by its anisotropic nature.
However, due to base layer damage by ion bombardment,
high cost, and complexity such as after-treatment of
byproduct from the CH4/H, based reaction, dry etching
has not been widely used. In case of selective wet etch of
InP and InGaAs, which is most popularly used, it is very
difficult to scale down the gap distance (Sgg) because of
the isotropic etching nature of the InGaAs emitter cap
layer.

In this paper, a new self-aligned emitter—base metalliza-
tion (SAEBM) technique is proposed to reduce Rgap by
creating a short distance gap. Differently from the conven-
tional self-aligned base metallization (SABM), which uses
the emitter contact as an etch mask, photo-resist is used
in the emitter definition. The final emitter geometry is
determined by the controlled lateral etch depth (nearly iso-
tropic) of InGaAs and InGaAlAs graded emitter cap layer.
Subsequent InP emitter etch, which is anisotropic and
intact to InGaAs, can make an optimized emitter undercut
with a short gap distance (80 nm). For external intercon-
nect, the problem of lowered height of the emitter contact
is surmounted by our well-developed emitter-metal widen-
ing using polyimide. Additionally, the polyimide provides
passivation of the emitter sidewall and extrinsic base with
reduced surface leakage [8]. It also removes the risk of
shorting between the emitter and base contacts. A novel
collector undercut technique with selective etching nature
of InP and InGaAs to reduce collector-base capacitance
(Ccp) is also employed. Finally, we could significantly
improve f,.x by virtue of reduced Rgap.

2. Device structure and fabrication
The epitaxial layers of the fabricated DHBTSs are grown

by IntelliEPI using Solid Source Molecular Beam Epitaxy
(SSMBE) on an Fe-doped semi-insulating (100) InP sub-

Table 1
Epitaxial layer structure of fabricated InP/InGaAs/InP DHBTs

strate. The emitter structure includes a InGaAs emitter
cap layer (1000 A) for low contact resistivity, a graded
InGaAlAs layer (200 A) for smoothing of band discontinu-
ity, a highly doped InP cap layer (900 A) for emitter under-
cut, and an InP emitter (700 A, 7.0 x 10" cm*3). The base
layer is highly doped to 8 x 10'* cm ™ to obtain a low base
sheet resistance. To achieve high f and reduce base transit
time, the composition of the base layer is linearly graded
from x = 0.46 to 0.53 toward collector, and the base layer
is thin, 250 A. To remove the carrier blocking effect due to
conduction band discontinuity between InGaAs (base)
and InP (collector), a linearly compositional graded
In,Ga,Al;_,_,As layer (300 A) is employed at the collec-
tor. Additionally, to compensate the reverse electric field
induced by the graded layer, a delta-doped InP Ilayer
(30 A, 1x10" em ) is introduced within the collector
layer [9]. The InP collector layer is doped to 2 X
10" cm ™ and is thick, 1000 A. Sub-collector layers are
suitably designed for the undercut process explained in
[10]. The whole layer structure is shown in Table 1.

Fig. 1(a) shows the conventional processes using SABM
for InP-based DHBTSs. In the process, the emitter mesa is
etched laterally during etching of InGaAs and graded
InGaAlAs emitter cap layer, and the space (Sgg) between
the emitter mesa and base metal is widened. The widened
Sgp increases Rgap because the resistance is proportional
to Sgp. Thin emitter can be a solution to avoid the lateral
etching of the emitter mesa, and sidewall processes are also
employed to prevent the connection between emitter and
base metals [11]. In our new SAEBM technique, the emitter
mesa is etched using the PR mask of emitter patterns at
first. After removing the PR pattern, metallization process
is followed for both emitter and base contacts simulta-
neously with Pt/Ti/Pt/Au. When the emitter mesa is
formed in the [011] crystal direction, the mesa has a shape
of trapezoid. Because the thickness of emitter and emitter
cap layer is thick and the shape of emitter mesa is an
inverted trapezoid, the emitter and base metal contacts
are formed safely without connection between the emitter

Layer number Material Thickness (A) Concent. (cm™3) Dopant Carrier type
14 Ing 53Gag 47As 1000 3.0x 10" Si N+
13 InyGag,)Al_,,)As grading 200 3.0x10" Si N+
12 InP 900 1.0x 10" Si N+
11 InP 700 7.0x 10" Si N
10 Ing 46Gag s4As 20 Undoped i
9 In,Gag_vAs grading 250 8.0x 10" C P+
8 Ing 53Gag 47As 200 2.0x 10" Si N
7 In,Gag,yAl . ,As grading 300 2.0x 10" Si N
6 InP 30 1.0x 10" Si N+
5 InP 1000 2.0x 10 Si N
4 InP 200 1.0x 10" Si N+
3 Ing.53Gag 47As 3000 3.0x 10" Si N+
2 InP 100 1.0x 10" Si N+
1 Ing 53Gag 47As 3000 3.0x 10" Si N+
0 Semi-insulating InP substrate
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Fig. 1. Process flow of (a) conventional process using SABM and (b) new
process using SABEM.

and base metals. A schematic of the new process flow is
depicted in Fig. 1(b). When the conventional SABM pro-
cess is used, Sgg is about 250 nm as shown in Fig. 2(a).
If the SAEBM process is used, Sgg of 80 nm is expected
from Fig. 2(a). Fig. 2(c) is the SEM picture after SAEBM

process. Fig. 2(b) and (d) show a schematic of SABM and
SAEBM processes, respectively. In Fig. 2(d), Sgp is con-
firmed to be reduced to about 80 nm, below 100 nm.
Because the emitter metal is deposited after the emitter
mesa etching at the SAEBM, the lateral etching of the emit-
ter mesa does not affect the space between the emitter mesa
and base contact metal. This considerable reduction of Sggp
is an advantage of the SAEBM technique. Besides, the
SAEBM process is simpler than the SABM process.

Two types of InP/InGaAs/InP DHBTSs are fabricated
using the conventional SABM technique, called DHBT-
C, and the new SAEBM technique, called DHBT-N with
the same mask after base contact metallization. The emitter
pattern is 0.8 um, forming effectively 0.5 um emitter, for
both DHBTs. The collector undercut process is carried
out as shown in Fig. 3(a)—(c). The emitter is protected by
photo-resist pattern formed by a base contact mask and
the base and collector layers are then etched with a citric
acid-based and a hydrochloric acid-based etchant. After
the base and collector layer etch, the emitter and base—col-
lector mesas are protected by photo-resist. Then, the first
InGaAs sub-collector is etched by a citric acid-based solu-
tion. By over-etch selectively from the InP etch stopper and
collector layers, the InGaAs sub-collector under the InP
collector is etched laterally and undercut (Fig. 3(a)). After
that, the unveiled InP collector and InP etch stopper are
etched by hydrochloric acid-based etchant (Fig. 3(b)).
The SEM picture after the undercut process of DHBT-C
is shown in Fig. 3(c). For interconnection to pads, the
problems relating to the lower height of the emitter contact
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Fig. 2. (a) SEM picture after emitter mesa etching using conventional wet etching, (b) schematic of SABM process, (c) SEM picture after SAEBM process

and (d) schematic of SAEBM process.
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Fig. 3. Major unit processes; (a) collector undercut: over etching InGaAs sub-collector using citric-based etchant, (b) collector undercut: etching InP
collector using hydrochloric acid-based etchant, (c) collector undercut: SEM picture and (d) emitter metal widening using polyimide planarization.

is overcome with our well-developed emitter-metal widen-
ing using polyimide. The polyimide is coated and then
flatly etched without mask using O, RIE until the emitter
metal is exposed, which can be controlled very accurately
with a monitoring pattern. Next, a Ti/Au emitter widening
metal is evaporated (Fig. 3(d)). Additionally, the polyimide
provides passivation of the emitter sidewall and extrinsic
base for reduced surface leakage, and it also eliminates
the risk of shortening between the emitter and base con-
tacts. A comprehensive process sequence can be found in
our previous work [12].

3. Results and discussion

Normally, the emitter metal is composed of Ti/Pt/Au
for the highly doped n-type InGaAs emitter cap layer,
but the emitter metal is changed to base metal, because
the base resistance is a critical factor for high-speed perfor-
mance. Nevertheless, the specific contact resistivity of the
emitter layer, measured using transmission line measure-
ment (TLM), is 1.8 x 10~® Q cm? for DHBT-N, which is
quite low.

The measured common emitter /- curves of the fabri-
cated DHBTSs with 0.5 x 6 um? emitter area are depicted in
Fig. 4. The dc current gain (f) of DHBT-C and DHBT-N
are about 30 and 25, respectively. The breakdown voltage
of two devices at an open base, BV¢cgo, is similar, around
6.2V at 100 pA collector current. The difference of f
between DHBT-C and DHBT-N can be explained by
analysis of the base current, composed of surface recombi-
nation current (Jsyrp), contact recombination current
(Jcont), bulk recombination current (Jpyrk), space—

4 emitter : 0.5 x 6 umz

3 Ig =10 uA/step

BVgeo = 6.2V
@ 1= 100 pA

Collector Current, I, [mA]

T 6' L
Collector-Emitter Voltage, V__[V]

Fig. 4. Common emitter /c—Vcg characteristics under forced constant
base currents.

charge recombination current (Jscr), and back-injected
hole current (Jgp). With the periphery dependence of Jsyrp
and Jeont and the area dependence of the others, Jo/f is
expressed by

J

FC:JBULK +Jscr +Jpp

1 1
2-(J J (4= 1
+ 2 - (Jsurr +Jconr) (WE +LE> (1)
where J is collector current density. J/f is measured as a
function of (1/Wg + 1/Lg) and depicted in Fig. 5. For the
linear fitting curves of Jsyrr + Jcont, DHBT-N is higher

than DHBT-C at both Jc=1x10*A/cm? and Jo=
5% 10* A/cm®. Since the surface recombination current
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Fig. 5. Jc/pB versus (1/Wg + 1/Lg) characteristics for DHBT-C (filled) and
DHBT-N (empty) at Jc = 1 x 10* A/em? and Jc = 5 x 10* A/cm?. Emitter
sizes used: 0.5 x 6 pm?, 1 x 6 pm?, and 2 x 6 pm?>.

can be neglected for p-type InGaAs with low surface
recombination velocity, this increased periphery dependent
currents are caused by increased base contact recombina-
tion current due to the relatively short gap distance of
DHBT-N [13]. Therefore, DHBT-N has a smaller  than
DHBT-C.

Microwave performance is characterized by on-wafer
S-parameter measurements from 0.5 to 40 GHz using a
HP8510C vector network analyzer. Fig. 6 shows the fre-
quency dependence of current gain |H21|2, Grmax(MSG/
MAG), Mason’s unilateral gain, and stability factor (k)
for both DHBTSs at similar bias points. DHBT-N has a
lower k£ than DHBT-C due to the reduced base resistance
and is more unstable. The fr and f,., are obtained assum-
ing a —20 dB/decade frequency dependence of the current
gain and Mason’s unilateral gain, respectively. For
DHBT-C, f1r =275 GHz and f,.x = 206 GHz are obtained
at Jo =363 kA/cm? and Vg = 1.5 V. For DHBT-N, fr =
290 GHz and f,.x =296 GHz are obtained at Jc=
385 kA/ecm? and Veg = 1.5V. Since the base resistance

emitter : 0.5x 6 um?  IHylP G, U  k
40 15
DHBT-C --0-- =rrovs = edme -on-e
_DHBT-N —o— —— —«— ——
== ‘_ < =
— 301 p— St =
a 1105
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0.1 1 10 100 1000

Frequency [GHz]

Fig. 6. Frequency dependencies of \HQI\Z, Gmax(MSG/MAG), Mason’s
gain U, and stability factor (k) for fabricated DHBTSs as determined by S-
parameter measurements at Veg = 1.5V and Ic = 10.89 mA (DHBT-C),
11.55 mA (DHBT-N).
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Fig. 7. Dependencies of fr and fi,.x on collector current density for
DHBT-C and DHBT-N at Ve =1.5V.

does not affect the transit time significantly, fr’s of the
two DHBTs are similar. However, the f;,.x of DHBT-N
is improved about 90 GHz by using the SAEBM
technique. Fig. 7 shows the dependence of f1 and f;,.x on
collector current density for both devices.

We have analyzed Rgp further using the following
relationships:

Rp = Rpi + Rcont + Raap 2)
R =y Ronn 3)
Rgap = % “Rsu -i—? @)
Rcont = % : @ - coth (WB . R;_:?) (5)

where Rgy p is base sheet resistance, Wg and Wy are emit-
ter and base widths, respectively, Lg is emitter length, sim-
ilar to base length, Sgg and p,p are base gap distance and
base specific contact resistivity, respectively. The Rgy p and
pop of base layer are 790 Q/0] and 2.4 x 1077 Q cm?, respec-
tively, for both DHBTSs. The transfer length, Lt, expressed
as \/p,s/Rsup, is 0.4 pm and the base contact resistance is
maintained low. Table 2 lists the calculated base resistances
for both DHBTSs. To verify the reduced base resistance,
small-signal model parameters of the two devices with
0.5x 6 ym” emitter geometry are extracted directly using
our method [14] at maximum f,,, bias point and listed in
Table 3. Most of the extracted parameters are identical

Table 2
Calculated base resistances of DHBT-C and DHBT-N with 0.5 x 6 um?
emitter area

Rpy_ca () Rpx—cal ()
Rcont Rgar
DHBT-C 5.49 11.49 16.48
DHBT-N 5.49 11.49 4.62
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Table 3
Extracted small signal model parameters of DHBT-C and DHBT-N with 0.5 x 6 ym? emitter area

Rex (Q) Ry (Q) Rux (Q) &m (ms) Iz () C. (pF) Cevi (fF) Ceox (fF)
DHBT-C 8.49 4.79 28.11 0.45 67.1 0.19 2.55 5.42
DHBT-N 7.27 5.11 15.10 0.42 62.2 0.17 2.50 5.38

for the two devices except Ry, 28.11 Q for DHBT-C and
15.10Q for DHBT-N. The difference of Ry, between
DHBT-C and DHBT-N is the result of reduced Sgg, that
is, reduction of Rgap. Since Sgg 1s reduced from 250 nm
to 80 nm from the SEM picture, Rgap is reduced from
16.48 Q to 4.62 Q, estimated using Eq. (4), about 72%
reduction of Rgap. This reduction is about 39% of the total
base resistance of DHBT-C. This data show clearly that
SAEBM is a very effective technique to enhance f.x.

4. Conclusion

A new but simple SAEBM technique with wet etch has
been developed to improve the high-speed performance,
especially fi,.x, of HBTs. Using the SAEBM technique
for InP-based DHBTSs, Rgap is reduced from 16.48 Q to
4.62 Q and fax is improved about 90 GHz without any
degradation of fr. High frequency performance of fr=
290 GHz and f.x =296 GHz is obtained for a 0.5 X
6 um> DHBT-N with BVcgo =6.2V. The RF perfor-
mance results demonstrate the effectiveness of the new
SAEBM technique for enhanced performance. Further
improvements of f,.x and ft are expected by lateral scaling
in the geometrical layout and parasitic reductions. Further-
more, if the emitter mesa etching is controlled precisely,
nano-scale HBTs can be fabricated using the SAEBM tech-
nique without using e-beam lithography.
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