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Abstract

For many years, HBTs have been vertically and laterally scaled down to improve high-frequency performance. For the very small
devices of recent process, some parameters cannot be scaled down properly and an alternative scaling-law is required. In this paper,
we describe the optimization issues for high-speed InP/InGaAs SHBTs and offer a design guideline to accommodate the scaling limit.
From a 0.25 um SHBT designed by the scaling law, the maximum extrapolated f;,.x of about 687 GHz with ft of 215 GHz can be
achieved. We also investigate the effect of key geometrical parameters such as emitter geometry and base/collector layer thicknesses

on the device RF performance.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Significant progress has been made for the development
of high-speed InP-based HBTs in the 2000’s. Rodwell’s
group at University of California, Santa Babara (UCSB)
demonstrated a 0.4 x 6 um* InAlAs/InGaAs single hetero-
junction bipolar transistor (SHBT) with f,., of 1.08 THz
and fr of 204 GHz using the transferred-substrate tech-
nique [1], which is the highest f,.. ever reported from
any transistors. They could successfully minimize the col-
lector capacitance using the structure, but the process is
very complicated and may not be a manufacturable tech-
nique. In Postech, we have developed our own process
technique for reduced collector capacitance using a new
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undercut technique and reduced emitter resistance by emit-
ter metal widening and thick air-bridge processes in a con-
ventional mesa-type structure [2,3]. Recently, a 0.25 um
InP/InGaAs SHBT with an fp,.x of about 687 GHz and
fr of 215 GHz was reported. It is the highest f;,., from
standard processed HBTs. Feng’s group at University of
Illinois at Urbana-Champaign (UIUC) used a vertically
very thin base (25nm) and collector (75 nm) layers to
reduce the transit time. The 0.35x 12 umz InP/InGaAs
SHBT delivers an fr of 506 GHz and an f,,., of 219 GHz
[4]. These HBTs have been vertically and laterally scaled
down for enhanced high-frequency performance using the
fundamental scaling law developed by Rodwell et al. [5].
However, due to the extremely fine geometry, several phys-
ical parameters cannot be reduced further to satisfy the
scaling law [6] and an alternative scaling law is required.
In this paper, we have introduced a new scaling law for
the devices. Based on the rule, we describe the optimization
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issues and offer a design guideline for high-speed HBTs.
Also, we analyze the effect of key geometrical parameters
such as emitter geometry and base/collector layer thick-
nesses on RF performance. We believe that our new design
guideline can offer a convenient way for implementation of
scaled down HBTs for high-speed applications.

2. Scaling law of HBT
2.1. Review of fundamental scaling theory

Two measures of high-frequency performance of HBTs
are given by

R
JSimax = m7 (1)

zT:fT = ;CCB + 7 + Tsc + (Re + Re) Cen, 2)
where g and 1gc are the base and collector transit times,
respectively; Cyg and Ccp are the base—emitter and collec-
tor-base junction capacitances, respectively; g, (=qlc/kT)
is the transconductance; and Rg, Rg and Rc are emitter,
base and collector resistances, respectively.

A conventional mesa structure for HBTs is illustrated in
Fig. 1. The large-sized HBT is scaled down by a scaling fac-
tor (y) to produce a smaller HBT with lower resistance,
inductance and capacitance. To ensure that the operation
bandwidth increases by 7 for all digital and analog circuits,
all transit times and all capacitances must be reduced by 7,
while maintaining the values for all resistances, trans-
conductance, and the collector bias current (/c). These rela-
tionships are summarized in Table 1 along with the scaling
behavior of the important physical parameters.

2.2. Scaling limits on HBT in conventional HBT process

2.2.1. Limit to the enhancement of frux (Pc, Wi e
and Ws gp)

As shown in Eq. (1), the base resistance (Rg) and collec-
tor-base capacitance (Ccp) are very important parameters
for achieving high maximum oscillation frequency (fax)-
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Fig. 1. The structure of conventional mesa-type HBT.

Table 1
Fundamental scaling rules on HBT

Physical parameters Symbol Scaling factor

Emitter thickness Te yo
Emitter doping Ng y

Emitter—base junction width Wg y72
Emitter—base spacing Ws.EB p7!
Emitter—base junction length Lg 5°
Emitter contact resistivity PEC p72
Base thickness Ts y703

(Base doping) x (base hole mobility)  (Pg) X (upp) ~y0d

Base contact width Wy y
Base contact length Ly 7°
Base contact resistivity PBC -2
Collector thickness Tc !
Collector doping Nc 7°

Collector—base junction width Wi Bc ”y_z
Collector-base junction length L¢c 7°
Collector current Ic P
Collector current density Jc 7>
Bias voltage VcE, vce P

Ccp can be minimized by narrowing the base—collector
junction area or the base ohmic contact width. However,
this reduction must be carried out with enhancement of
the base specific contact resistivity (ppc) because Ry can
increase drastically as the base contact width becomes nar-
rower than the contact transfer distance Lt (= \/pgc/Rsp)-
The contact resistivity of InGaAs (p+) has been reported to
as low as 1 ~2x107"Qcm? and it is very difficult to
reduce it any further. Therefore, both ppc and collector
base junction width (W) gc) cannot follow the y~2 scaling
rule. And, there is a trade-off for the scaling of Rp and
Ccp in the conventional mesa-type HBT. Also, Self-
Aligned Base Metal (SABM) technology has been widely
used to reduce the base resistance. In the conventional
HBT process with wet chemical etching using an emitter
electrode mask, there is a practical limit to the minimum
size¢ of the emitter—base spacing (Wsgg), preventing
scaling.

2.2.2. Limit to the enhancement of fr (pec, Jc and BV cgo)

Eq. (2) shows that, to improve the cut-off frequency, not
only the base and collector transit times must be reduced
through vertically scaling, but also the collector current
density (Jc) should be increased and Rg be reduced. How-
ever, due to base push-out (or Kirk effect) at high current
densities, the effective base thickness is increased. This
results in an increase in the carrier transit time and a
decrease in f1. To mitigate this problem, the collector layer
should be more highly doped and thinner, but the penalties
are an increase of the collector-base capacitance and a
reduction of the breakdown voltage (BVcgo). For InP/
InGaAs SHBTSs, in contrast to InP double heterojunction
bipolar transistors (DHBTs) and GaAs-based HBTs, the
breakdown voltage drastically lowers as the collector dop-
ing level (N¢) increases, because of the complicated break-
down mechanisms such as avalanche multiplication, Zener
tunneling and thermal generation of the low bandgap
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InGaAs material (0.75 eV). For the low doped InGaAs col-
lector, the doping level can be assumed constant for scaling
law of InP SHBTSs. Therefore, there are trade-offs for Jc,
Ccp and BV ko in the conventional mesa-type HBT. Sim-
ilarly, ppc and pgc cannot be reduced continuously, fol-
lowing a scaling factor of y2.

2.2.3. Design issues for high-speed HBT

The schematic cross-section and high-speed optimiza-
tion issues are described in Fig. 2. To obtain a high ft
and fax, HBT design must achieve low base and collector
transit times, properly trade-off for the required fast col-
lector transit time with low BVcgo and high Ccp, and
minimize Rp, the extrinsic Ccp, and Rg. The general
approach to improve the f7 is the use of thin base/collector
layers. However, the approach can only be employed at the
expense of reduced f,.x due to the increased Rg and Ccg,
and may not be suitable for applications demanding both
hlgh fT and fmax [7]

Bandgap engineering (or grading scheme) is another
important issue for higher ft, especially for DHBTSs. The
compositional and/or doping graded base layer is very
helpful for reducing the base transit time. Also, various
grading schemes for the base—collector junction have been
proposed to avoid the current blocking effect, such as com-
posite collector [8], pn-pair doping [9], InGaAsP graded
layers [10], staggered band lineup of InP/GaAsSb/InP
[11], and optimization of ballistic carrier transport. The
emitter resistance and inductance should be minimized to
reduce parasitic delay. Rp is the most important factor
for higher f.... and has three components: contact resis-
tance, gap resistance, and intrinsic spread resistance. The
minimum base resistance can be achieved using a highly

Scalable emitter and low

emitter contact resistance Band alignment and

grading scheme

Thin and p ++ base
(InGaAs / GaAsSb )

(inp) Yi4 Minimum E-B spacing and
contact resistance ,

Reduced Ccp

Collector
(InGaAs
/InP)

Thin and narrow ___—pr

Fig. 2. Schematic representation of high-speed HBT.

Table 2
Four different scaling rules

doped base layer, scaling of the emitter width, self-align-
ment, and optimization of base ohmic contact. The Ccp
reduction technique, independent of base contact width,
is necessary for achieving both high ft and fi.x.

2.3. Alternative scaling laws for process-limited HBTs

As we mentioned in the previous sections, a large HBT
is scaled down by a scaling factor (y) to produce a smaller
HBT with smaller resistance, inductance and capacitance.
To ensure that the operation bandwidth increases by 7,
all transit times and all capacitances must be reduced by
7, while maintaining the values for all resistances, transcon-
ductance, and collector bias current (Ic). These scalings are
modeled following Rodwell et al. [5], applying extensive
scaling rule for all parameters without considering the pro-
cess limit. But the collector-base junction width is not
equal to emitter-base junction width for the mesa-type
HBTSs scaled by Rodwell et al. These parameters can be
identical if the collector layer is properly undercut. In this
case, the scaling becomes ideal for high-speed design and is
listed as Ideal case in Table 2.

Actually, HBT parameters cannot be scaled down con-
tinuously due to the problems related with HBT fabrica-
tion processes for fine geometry. For process-limited
devices, we need a more practical scaling law shown in
Table 2. In this case, the listed parameters (Wsgg, Wa,
PEC, PBC, and Wy pc) are not scaled (which is called Normal
process), that is, have scaling factor of “zero”. A large part
of Ccp originates from the extrinsic base area in the mesa
structured HBT, which can be reduced by the collector
undercut process [3]. For InP HBTs which have a scalable
collector using the undercut process, we propose a new rule
(called New process in the table) scaling for collector—base
junction width but without scaling the other limited
parameters.

2.4. HBT performances scaled by the four rules

To compare the RF performance of HBTs as the devices
are scaled down following the four rules, we have calcu-
lated equivalent circuit model parameters of the device.
Based on the model, fr and f.x versus emitter width are
evaluated. The dimensions and epitaxial structure of the
HBT used for the calculation are previously shown in

Physical parameters

Fundamental rules for process unlimited HBT

Practical rules for process limited HBT

Collector-undercut

No-undercut

No-undercut
(Normal process)

Collector-undercut
(New process)

(Ideal case) (Rodwell)
Ws e )’71
PEC y2
Wy v
PBC v
JC ")72
Wi Bc 7> (Wype = W)

772 (Wipe > We)

0
0
)
0

1~2

“/_2 (Wypc =~ Wg)

NN 2 2 2

Q

~)° (Wype > Wr)
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Fig. 1 and described in Section 3. The operation condition
is: Vg =08V, Veg=1.5V, and Jc=3x10° A/em” (in
the case of Fundamental Rule, it increases as the scaling
factor of y?). The first step is to calculate the values of
the resistive and capacitive elements. Resistances (Rg, Rp,
and Rc) can be calculated through the majority carrier
mobility, resistivity and sheet resistance, determined by
doping level, material parameters and DC biases. The
capacitances (Cyg and Ccp) are calculated by the parallel-
plate approximation.

Rg, consists of three components: emitter contact resis-
tance (Rg cont), resistances of the InGaAs emitter—cap layer
(RE cap) and undepleted InP active emitter layer (Rg np).
These parasitics can be calculated by emitter geometry,
emitter doping level and emitter—base bias. Rp consists of
three terms of spreading resistance under the emitter
(Rspread), base—emitter gap resistance (Rg,p) and contact
resistance (Reont), defined by [12]

R — RsgWe  RsgWses
BT 12L 2L

v/ PrcR R
+ 7’0BC SB coth Wsge oS8 s (3)
2Lg ' Prc

where Lg and Wg are the emitter—base junction length and
width, respectively; Ws gg is the emitter—base spacing; ppc
and Rgp are the base specific contact resistivity and the
base sheet resistance, respectively. We use 2 x 1077 Q cm?
and 1.65 x 1077 Q cm? as the emitter and base contact resis-
tivities, respectively, in 1.0 pm emitter geometry, and they
are scaled down as the scaling factor of 72 in the case of
Fundamental Rule but are kept constant in the case of Prac-
tical Rule. Ccp for fimax consists of three terms of the collec-
tor junction capacitance lying under the emitter (Ccp ),
under the gap between the emitter and the base contact
(CcBgap)> and under the base ohmic contact (Ccpext)s
and is given by

eLE (Wsgs + Wspc)Le
T 2 nGaAs : .

o + 2€mGaa Te
(Wg — Wspc)Le
Tc ’

CCB = €InGaAs

+ 2¢9 (4)
where T¢ is the collector thickness; Wy and W pc are the
base contact width and the collector-base junction width,
respectively; gy and ej,gaas are the permittivity of free space
and InGaAs, respectively. Although the base—collector
junction parasitics are distributed in nature, we simply
compute the tcp as follows [13]:

TCB — CCB«,E(RCOm + Rgap + Rspread) + CCB,gap (Rcom
+ Rgap/z) + CCBA,elecom- (5)

To obtain ft, we calculate the charging times and transit
times as follows:

1 Ci+Ccp
2nfT 8m

+ 78 + 7sc + (Re + Rc)Ccs, (6)

where

T3 Xiep.cn
= = — 7
2Dnb ’ fse 2 Vsat ’ ( )

where Tty is the base thickness; Xgcp cp is the collector—base
depletion thickness. We calculate base and collector transit
times using the parameters of minority carrier diffusivity in
the InGaAs base layer C-doped to 8.0x 10" cm™> as
D, ~ 70 cm?/s and saturation velocity in InGaAs collector
layer as Vi~ 3x 10" cm/s. Then, we can calculate fn,x
using the above results

_ [ S
fous = (g 8

Fig. 3 shows the calculated RF performance (ft and f.x)
of an HBT designed for high f,,.x operation. The emitter
length (Lg) is fixed to 10 um. As expected, the Ideal Case
delivers the best RF performance with f,.. above 1 THz
for 0.1 um emitter geometry. The HBT scaled by the New
rule shows good RF performance due to the low Rp and
Ccp through the undercut process, although pgc and it
W;j e, which are the scaling limited parameters, are not
scaled. However, the scaled HBT using the Normal process
has rather low f1 and f,.x due to the high extrinsic Ccg.
To achieve a high fr, the device must be vertically scaled
down further using thin base and collector layers. In this
case, the f.x 1s inevitably reduced due to the increased
Ry and Ccp. Fig. 4 shows the comparison of the RF
performances (fT and fi,.x) of the device optimized for high
ft using the thin layers. The HBT scaled using the Ideal
case rule delivers the best RF performance of about
600 GHz fr and 900 GHz f,.x from a 0.1 um emitter
HBT. These high ft and fi,.x for the Ideal case are achieved
by scaling of Jc, Rg and Ccpexi- As shown, the maximum
fr is reached for a 0.1 um HBT because the emitter

B
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Fig. 3. Comparison of the RF performances (fr and fi,.x) as the device is
scaled down following the four scaling rules. The HBT is designed for high
fmax Operation.
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Fig. 4. Comparison of fr as the device is scaled down following the four
scaling rules. The HBT is designed for high fr operation.

resistance (Rg), in spite of emitter contact resistivity (pgc)
scaling, is not perfectly scaled down. For the small emitter
size HBT, the emitter epitaxial layer resistance (Rg epi) is no
less important than the emitter contact resistance (Rg cont)-
And to prevent fr degradation due to emitter charging
time, Rg epi must be kept small by scaling the emitter layer
thickness. In the New scaling rule, fr falls off for a small
geometry due to the large emitter resistance (Rg) and con-
stant collector current density (Jc). As the device is verti-
cally scaled down, the emitter charging time (tg = (Cjg +
Ccp)/gm) and collector charging time (t¢ = (Rg + Rc)Cep)
become very important, comparable to the base—collector
transit time (tg + t5c). For the Normal scaling rule, fr
fall-off is very significant due to the increase of Ccpext-

3. Experimental results and discussions
3.1. Device technology

We have fabricated small-size HBTs using our practical
scaling rule (New process). The epitaxial layer of the HBTs
is grown by Solid Source Molecular Beam Epitaxy on a Fe-
doped semi-insulating (100) InP substrate. The layer struc-
ture includes, from the top, InGaAs emitter contact layer,
InGaAlAs graded layer, InP emitter layer (700 A, Si-doped
to 7.0 x 10" cm ), InGaAs base layer with Indium mole
fraction graded from of 0.46 to 0.53 (400 A, C-doped to
8.0x 10" cm™3 with 20 A spacer), InGaAs collector layer
(2500 A, Si-doped to 2.0 x 10'® cm ), and InGaAs subcol-
lector layer (6000 A, Si-doped to 1.0 x 10" cm™3). Lastly,
an InP etch-stop layer is inserted in the middle of the col-
lector layer for the collector undercut process.

The devices are fabricated using a standard mesa pro-
cess. Emitters are defined using contact lithography, result-
ing in a minimum emitter metal width of about 0.5 pm. The
emitter is slightly undercut, resulting in an effective 0.25 pym

size. The self-aligned Pt/Ti/Pt/Au base metal having 1 pm
width is evaporated. The base and collector layers are
etched with a citric-based etchant. In this etching process,
the collector undercut process is also carried out. Next, a
Ti/Au emitter widening metal is evaporated. The subcollec-
tor is etched for device isolation. In this etching process,
the active base area and the base area for the interconnect-
ing base pad are isolated. Next, the Ti/Pt/Au collector
metal and metal pad are evaporated. Lastly, an Au air-
bridge is formed [14]. The whole process flow and detailed
process are described in [15]. SEM pictures of a fabricated
HBT are shown in Fig. 5.

There are three geometrical variables associated with
scaling: emitter width (Wg), emitter length (Lg) and base/
collector thickness (7s/Tc). We compare results of InP/
InGaAs SHBTs with: Ag = 0.25x 10 um?, 0.5 x 10 umz,
1.0x 10 um (emitter width (Wg) variation); 0.5 x 8 pm?,
0.5x 10 ypm?, 0.5 >< 15 um? (emitter length (Lg) variation);
and 1.0x20 um?  with TB/TC — 400 A/2500 A, 400 A/
4000 A, and 600 A/6000 A (base/collector thickness (Tg/
Tc) variation). The microwave performance of these
devices is characterized by on-wafer S-parameter measure-
ments for 0.5-40 GHz (and 50-75 GHz for devices with
0.25 pm emitter width) band using an Agilent 8510C net-
work analyzer calibrated by through-reflect-line method.

To analyze the effect of the geometrical parameters
(emitter geometry and base/collector layer thicknesses) on
RF performance, we have extracted the small signal equiv-
alent circuit parameters. The junction depletion capaci-
tances and bias independent parasitic capacitances are
extracted from ‘“‘cold” S-parameters under reverse and
low forward biases. The series resistances are directly deter-
mined from “over-driven” S-parameters [16]. Also, the val-
ues for the transit times are calculated from the measured
S-parameters. By plotting f1 vs. 1/Ic and fitting a straight
line, the intersection at the y axis provides the value for
T =18 T 7sc T (Rg + Rc)Ccp and the slope leads to the
emitter charging time 7.

Emitter Pad

Emitter Pad

ccV Spot Magn wD

500kV 30 5000x 65

Fig. 5. SEM pictures of the fabricated HBT with a 0.25 x 10 um? emitter
area.
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3.2. Lateral scaling for emitter size variation (Wy and L)

The effects of the emitter width (W) variation on RF per-
formance are shown in Fig. 6. Emitter length (Lg) and base/
collector thickness (7} 8/ Tc) are held constant at 10 um and
400 A/2500 A, respectively. As Wy decreases from 1.0 to
0.25 um, fi,.x 1s improved considerably due to reduced Ry
and Ccp by lateral scaling. However, f1 decreases slightly
because the emitter charging time increases (from 0.13 to
0.15 ps) due to a decrease in transconductance (gy,, from
0.92 to 0.32 Q') and because the collector charging time
increases (from 0.021 to 0.025 ps) due to a higher Rg (from
1.6 to 6.7 Q) even though Ccp decreases from 6.7 to 1.9 fF.
Still, the effect of emitter and collector charging times on
f11s small, about 24% (emitter and collector charging times
are 0.15and 0.03 ps, respectively, and g + 75¢c = 0.57 fF for
0.25 um emitter device). These devices have a large base—col-
lector transit time due to the thick collector for high f;,,. suit-
able for analog/RF applications. For comparison, the
calculated values with the scaling rules outlined above are
also plotted in Fig. 6, and they are in good agreement with
the experimental results.

The effects of Lg variation on RF performance are shown
in Fig. 7. Wg and Tg/Tc are held constant at 0.5 um and
400 A/2500 A, respectively. As Lg decreases from 15 to
8 um, the reduction of Ccp (from 9.85 to 3.44 fF) leads to
considerable improvement in fn.x, in spite of a slight
increase of Ry (from 7.8 to 10.4 Q). Also, the emitter charg-
ing time increases (from 0.10 to 0.16 ps) due to the reduced
transconductance (g, from 0.91 to 0.52 Q') and the collec-
tor charging time decreases slightly (from 0.053 to 0.037 ps)
by the reduced Ccg, resulting in a slight decrease of ft.

3.3. Vertical scaling for baselcollector thicknesses

The effects of the base/collector thickness (Tg/T¢) vari-
ation on RF performance are shown in Figs. 8 and 9. The
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Lg =10 um.

600 F 20
_e--
1~ Emitter Geomet max,measure —
0.5 x L [um?] =207 i measure E
500+ [ i B,measure (o)
......... - 0-- —
( I8 _— E,measure 15 8
400 . o
N Base Thick. (Tg) =400 [A] E
(JD: 1 Collector Thick. (T;) =2500 [A] .9 ]
9 | m... n
% 300 Moy . H410 @
E | T e )
; ........... - g
«F 2004 (SRR S ASAAARARARARE © m
]
o.
100 Do =
____________ 5 g
w
0 T T T T T T T T 0
8 9 10 11 12 13 14 15

Emitter length (L) [um]

Fig. 7. RF performances (fr and fi,.x) and resistances (Rg and Rg) versus
emitter length (Lg) for the HBT with Tg/Tc=400A/2500 A and
Wg =0.5 um.

300 I 24
_e--
Emitter Geomet Tmeasure
1 x 20 [um?] -om-- RE,measure
250 --0--mmo-- el 20
Tt Tse, Te , Tc —_
o . (o]
0 = —_
200 e 416 o @
— [ R A T PR [ . o o
N T e . c
I .. S 0
5 K g 9o
O, 1501 112 2 €
. AR 15y Rl
- =
- 5 8
100 dos & @
TB+TSC,measure o‘ =0
~~~~~~~~~~~~~~~ . £
o w
504 - 0.4
To meastre e o
E,measure .. .... [
....... Tc , measure
04 Bovivnnnnnniniiniain, Dcveinniae A 4 0.0
T T T T
3000 4000 5000 6000

Collector thickness (T,) [A]

Fig. 8. Transistor current gain cut-off frequency (fr), emitter resistance
(Rg) and delay times (tg + tsc, Tg, Tc) versus base/collector thickness
(T/Tc) for 1.0 x 20 ym> HBT.

400 30
Emitter Geometry === faxmeasure
1x20 [um?] --=-- R
B,measure
' --o-- C 25

CB,measure

3004

T,=400[A] -

P,=6x10" [cm?¥] .
200 (C-doped) .-~

[GHz]

Ty =600 [A]
Pg=3x10" [cm™]
(Be-doped) 1410

fmax

100 i """""""""""" o

Base Thick. (Ty) =400 [A] s
Doping (Pg) = 8 x 10" [cm™] o
(C-doped)

Base resistance [Q] &
Collector-base capacitance [fF]

30IOO 4(;00 50IOO GOIOO
Collector thickness (T,) [A]
Fig. 9. Maximum oscillation frequency (fi,ax), base resistance (Rp) and

collector-base capacitance (Ccp) versus base/collector thickness (7/Tc)
for 1.0 x 20 um* HBT.
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emitter area (Ag) is held constant at 1.0 x 20 pm? for con-
stant Rg. As the device is vertically scaled down from
600 A (T)/6000 A (Tc) to 400 A/2500 A, the transit-time
(tg + 7sc) decreases from 1.68 to 0.57 ps and the emitter
charging time also decreases from 0.30 to 0.13 ps, due to
an increase in transconductance (g, from 0.55 to
1.85Q°"). However, the collector charging time (tc)
increases slightly from 0.01 to 0.03 ps for the larger Ccg.
The reduction of the total delay time (7y from 1.99 to
0.73 ps) leads to a considerable improvement in ft (from
80 to 218 GHz).

As indicated in Fig. 9, the base sheet resistance is opti-
mized from 640 to 472 Q/00 by increasing the base layer
doping level (from 600 A of 3x 10" cm ™ Be doping to
400 A of 8x10”cem ™ C doping). We changed the base
layer dopant from Be (Beryllium) to C (Carbon), because
C-doped base layer has higher mobility and better ohmic
characteristic than Be-doped one. Therefore, the base resis-
tance (Rp) is reduced from 20.4 to 8.5 Q in spite of the thin-
ner layer. With improvement of fr (from 80 to 218 GHz),
Jfmax 18 also increased, from 208 to 340 GHz.

3.4. Scaling trend and challenges for higher fr and f,,.

Fig. 10 shows the scaling trend of InP/InGaAs SHBT
fabricated in Postech. We designate the 600 A base and
6000 A collector layers as the 1st generation InP/InGaAs
SHBT because this structure is designed for high fi,...
The 1st generation SHBT with 1.0 um emitter geometry
has 80 GHz ft and 208 GHz f,,,.x. Then the device is later-
ally and vertically scaled down for improved ft and f,.x.
As a result, the high-frequency performance of fr=
154 GHz and finax = 478 GHz is obtained from the 2nd gen-
eration SHBT with 0.5 yum emitter width, 400 A base and
4000 A collector thicknesses. Subsequently, vertical and lat-
eral scalings of the device is continued by reducing T from
4000 A to 2500 A and shrinking Wg from 0.5 pm to

InP/InGaAs SHBT Scaling in POSTECH
(Aimed at Maximizing f_ )
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Fig. 10. Scaling trend of InP/InGaAs SHBT fabricated in Postech.
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Fig. 11. Frequency dependencies of |/21]°>, MSG/MAG, and Mason’s
gain for the fabricated HBT with a 0.25 x 10 ym? emitter area.

0.25 pm, respectively. For the 3™ generation HBTs, we find
a maximum extrapolated f,.x of about 687 GHz and ft of
215 GHz, as shown in Fig. 11. This is the highest f,,.x ever
reported for a mesa-type HBTs [17]. As the device is verti-
cally and laterally scaled down further using the New rule,
the SHBT is expected to deliver RF performance with
fmax = 800 GHz and ft around 300 GHz or fr > 500 GHz
and fax around 600 GHz. For the New scaling law, ft is
limited by the emitter and collector charging times due to
the large Rg. For further improvement, we must find a
new process/structure scheme to reduce Rg and epi-design
to increase the Kirk current level (Jx). To reduce Rg conts
prc must be improved following the 7y~ scaling factor or
the emitter contact area must be maintained large through
the emitter regrowth process [18]. As the device is scaled
down laterally, the emitter epitaxial resistance (Rgepi) is
no less important than Rgcont, and Rgepi must be kept
low with emitter layer thickness scaling.

4. Conclusion

For highly scaled down HBTs, several physical parame-
ters cannot be reduced following the conventional scaling
law [5]. Therefore, we have suggested an alternative scaling
law which is practically achievable. Following the New
rule, we have outlined a 0.25 um SHBT with maximum
extrapolated f,.x of about 687 GHz and ft of 215 GHz.
As the device is vertically and laterally scaled down fur-
ther, it will be possible to demonstrate RF performance
of fmax = 800 GHz with fr around 300 GHz or fr >
500 GHz and f,,.x around 600 GHz. The device scaling
using the New law has a limit on f1 due to the large Rg
and constant Kirk current level (Jx) producing a large
emitter and collector charging times. Therefore, to achieve
RF performance above the suggested values, we must
improve the process scheme to reduce Rg and epi-design
to increase Jx. We believe that our New scaling rule offers
a practical way for the design of high-speed HBTs with
ultrasmall geometry.
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