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Toward THz Transistors
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Abstract—InP double heterojunction bipolar transistors (InP
DHBTSs) are one of the key technologies considered for tera-
hertz (THz) applications. The improvement of their frequency
performance is challenging and strongly dependent on vari-
ous parameters (manufacturing process, geometry, and epitaxial
structure). In this article, a novel method is developed to
take into account these parameters and predict the frequency
performance of the technology. This approach consists of rebuild-
ing the S-parameter matrix of the small-signal model. Elements
of the small signal model are identified, and their assessment is
described in detail. Once calibrated with the present state-of-the-
art device features, the model shows a good agreement with the
measurements. Based on this result, analysis of the emitter and
base technological features are performed along with optimiza-
tions of the vertical structure. Finally, the necessary optimizations
for developing a THz transistor are detailed. This works provides
guidelines for technological improvement and opens the way for
designing transistors operating at frequencies above a THz.

Index Terms—Double heterojunction bipolar transistor
(DHBT), indium phosphide, InP/InGaAs, modeling, tera-
hertz (THz).

I. INTRODUCTION

IGH-FREQUENCY systems with terahertz (THz) oper-

ating frequencies are of growing interest, be it for
wireless communication, optical transmission or for imag-
ing, and various ultrahigh-speed transistor technologies have
emerged to respond to the challenge. Among the potential can-
didates, InP-based technologies have demonstrated impressive
cut-off frequencies above 1 THz for both high electron mobil-
ity transistors (HEMTs) [1] and double heterojunction bipolar
transistors (DHBTSs) [2], [3]. Due to their higher breakdown
voltages as well as a better power handling capability, DHBTSs
are a prime candidate for the design of power amplifiers (PAs)
operating above 100 GHz [4] as well as for 1.6-Tb/s optical
transceivers [5], [6].
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The major challenge this technology faces is that one
needs to improve the transition frequency fr and the maximal
oscillation frequency fyax simultaneously. These performance
figures of merit are related to multiple parameters: the epitax-
ial structure (thickness, doping, and material), the geometry
of the transistor and the technological features related to
the process (contact resistivity, undercuts dimensions, etc.)
Generally speaking, two different approaches are mainly used
to study these technologies: technology computer-aided design
(TCAD) and compact modeling (sometimes even a combina-
tion of both).

TCAD device simulations come in many forms, from the
simple drift-diffusion model to the nonequilibrium Green’s
function formulation [7]. The choice of the simulation type
is motivated by different factors: calculation time, desired
precision, charge transport, mechanism under study, etc.
TCAD simulation has the advantage of capturing the phys-
ical behavior of the device in-depth and, thus, helps to study
different physical phenomena in detail (tunneling, recombi-
nation, etc.) For example, the main feature to capture when
simulating III-V DHBTS is the presence of multiple energy
levels of conduction bands leading to quite different electron
mobility values [8], [9], [10].

On the other hand, compact models are used in device
libraries for circuit simulation and need to accurately model
the device behavior at low computational cost. Most of
the compact models developed are based on physical equa-
tions [11]. Their use in conjunction with scaling rules
have already been demonstrated for the optimization of InP
DHBT [12]. Even though they capture a vast range of mech-
anisms, these models are not very well suited for device
optimization. In fact, they have been developed to capture the
electrical behavior of various bipolar technologies and do not
take into account the impact of the technological architec-
ture of a device on its performances. This limits the compact
models in terms of the number of geometrical parameters that
can be studied for optimizing a technology (e.g., Lg and Wg
in [12]).

In order to simplify the design flow, in this work we present
an analytical geometry-dependent model, developed following
long-term evolution of research on the topic [13], to predict
frequency performance of InP DHBTSs. This model has been
developed in order to obtain the best frequency performance for
a given epitaxial structure and then to provide quick feedback
on the influence of geometrical parameters related to device
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architecture for process improvement. Consequently, a small
signal approach at the optimal bias point is used. Using this
approach, the number of parameters to be adjusted can be
reduced to a minimum. The operating principle of the model is
the following: first the small-signal model is constructed based
on the information on the device geometry, vertical structure,
and typical process parameter (contact resistivity, undercut
...) values obtained at the end of the fabrication process and
then frequency performances are estimated. With the help of
this model, it is possible to study the frequency performance
through a detailed analysis of both RC products and transit times
for various geometries and technological features. However,
some mechanisms, such as self-heating or Kirk-effect were
not incorporated into the model to avoid additional complexity
and will be addressed in future iterations. The remainder of
this article is organized as follows. Section II details the stud-
ied InP DHBT technology. The model equations are detailed
in Section III. In Section IV, model validation against the
measurements obtained with the present technology featuring
various geometries is demonstrated. From these results, the
influence of technological features such as undercut, contact
resistivity is analyzed. The optimization of the vertical struc-
ture is also addressed. Next, a roadmap of the optimizations
needed to reach THz frequencies is presented with attainable
technological features. Finally, the conclusion follows.

II. TRANSISTOR DESIGN AND TECHNOLOGY

The model is based on the InP DHBT technology presented
in [14]. The DHBTSs are a self-aligned triple mesa wet etched
technology. The emitter is passivated with SiN and the pla-
narization is performed with polyimide. The intrinsic emitter
is 40-nm thick. The GalnAs base is 28-nm thick, highly
C-doped (8 x 10" cm™3) with a gradual composition from
Gag s53Ing 47As on the emitter side to Gag 47Ing 53As on the col-
lector side. The 130-nm thick composite collector contained
an InGaAs spacer, an InP doping plane and a lightly doped
InP part. Its Kirk current density is 6 mA/um?. Several tran-
sistor geometries are available: the emitter length Lg can vary
between 3 and 10 wum, the emitter width Wg between 0.3
and 0.7 um and the base contact width Wgg between 0.2 and
0.3 um. Fig. 1 shows a 0.4 x 4 um? InP DHBT before pla-
narization. The epitaxial structure, for which the model was
developed, is summarized in Fig. 2. The emitter contains one
layer of InGaAs (not uniformly doped) and two layers of InP
(a highly doped part and a lightly doped part which is the
intrinsic emitter layer). The base is made of InGaAs and is
compositionally graded. The composite collector is made of
an InGaAs spacer as well as two InP layers (a doping plane and
a lightly doped part). The subcollector is made of an InGaAs
layer sandwiched between two InP layers.

III. MODEL DESCRIPTION

The predictive model consists of rebuilding the small-signal
model of the device by calculating the values of all of its
elements. To do this, the developed model needs the following
information: vertical structure (thickness and doping), device
geometry (emitter width and length, and base contact width)
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Fig. 1. SEM view of a 0.4 x 4 um? InP DHBT before planarization.
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Fig. 2. Epitaxial structure and small signal elements (without the active part).

and relevant process parameter values (undercut and contact
resistivity). In order to identify and understand the elements
that need to be precisely modeled, the following equations
should be looked at in detail:

1

fr= ” (D
2 (TB + 1 + 4 (Ce + Cpe) + (Re + RC)CBC)
Jr
= . 2
Tax \/877 (Rpx - Cpc + Rai - Cpci) @

Each of these elements is, in turn, made up of several con-
tributions. Figs. 2 and 3 show these resistive and capacitive
components schematically superimposed on the device struc-
ture. The relation between these contributions and (1) and (2)
is detailed in the following paragraphs.

A. Emitter

The total emitter resistance Rg consists of two contributions:
1) the resistance due to the metal-semiconductor interface Rgc
and 2) the resistance of the semiconductor itself Rg;.

The contact resistance Rgc is directly linked to the contact
resistivity through the following equation:

3

Rpc = —

Ag

where pf is the contact resistivity and Ag is the area of the
emitter semiconductor. The semiconductor resistance is given
by the sum of the resistances of each undepleted semiconduc-
tor layer as well as the part of the intrinsic emitter which is
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Fig. 3. Schematic semi-cross-sectional view with geometrical parameters
and parasitic capacitances.
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with p; (resp., e;) the resistivity (resp., the thickness) of
the layer i and Tgp the depletion width of the emitter—base
junction.

In addition to the resistance, the emitter contains three
capacitances that make up Cpg: 1) the junction capaci-
tance Cgg;; 2) a fringe capacitance Cpgr; and 3) a parasitic
capacitance Cpgy,, induced by interconnections. The junction
capacitance at Vpgg = 0 V is expressed as

emp - AE

CBEIO = TV
/2-emp-VDE
q-Np

with Vpg being the diffusion voltage of the emitter—base junc-
tion. The denominator in (5) corresponds to the depletion
depth in the emitter. In our case, the depletion depth is limited
by the heavily doped InP layer, and, hence, the value in the
denominator can be taken equal to the intrinsic emitter thick-
ness. This capacitance is modulated by the voltage applied
across the junction

®)

v\ e
Cpei(V) = CBEjo(l - —> . (6)
VpE

The grading coefficient m;j, is set to 0.5 since the base—emitter
junction is abrupt. As the theoretical expression tends to infin-
ity when Vpg tends to the diffusion voltage Vpg, a coefficient
FC (with values between O and 1) is introduced. For base—
emitter voltage greater than FC x Vpg, the new expression,
taken from the Gummel-Poon model [15], has a linear trend

Cpei(V) = Cggjo - (1 — FCO)™™*
N+ —L—— (V-FC-Vpp)|. (7
|: Vor (1 — FO) ( pE) |- (7)
The FC coefficient depends on the emitter—base junction. For
our technology, the typical values at Jc = 6 mA/um? are:
FC =0.78, for Vpg =1 V and Vg = 0.9 — 1 V. The formu-
lation of the fringe capacitance has been introduced in [16],
in which the permittivity of SiN,, the emitter passivation, is
used and it is calculated as (see Fig. 3)

- h
Corp =2 Lp>Ne In( 1 4 —& (8)

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 42, NO. 11, NOVEMBER 2023

where Lg is the emitter length and 6 is the angle formed by
the metallization. Finally, the capacitance Cpg, induced by
interconnections is calculated as follows:

Epolyimide * LE - WEB

9
hg + hgg ©)

CEm = 2

where symbols are the geometrical parameters shown in Fig. 3

B. Base

The base resistance contains three contributions: 1) the con-
tact resistance Rpc; 2) the access resistance Rpy, due to the
distance between the base contact and the emitter that con-
stitute the extrinsic base resistance Rpy; and 3) the intrinsic
base resistance Rp;. The contact resistance Rpc is distributed
along two directions: across the width and along the length of
the emitter. An expression taking into account its distributed
nature across the width has been introduced in [17]. Without
the distribution of the resistance along the length of the emitter,
Rpc would be inversely proportional to Lg which does not cor-
respond to the observations. The distributed nature along the
length of the emitter induces the consideration of the resistivity
of the metal stack. It is then possible to write Rpc as

1 |R
Rec = /Gi;"coth(mLE) (10)

2
Pm
with: Rg, = —2" 1
Bm WEB ) hB ( )
1 Wep —
and — = Rgp - Lyp - coth 22— 88 (12)
Gp TB

Here, p,, is the metal stack resistivity, Rsp is the sheet resis-
tance of the base, and Lrp is the transfer length of the contact
which is dependent of the contact resistivity pcp and the sheet
resistance, Rgp, defined as

[ocB
Lp = | —.
Rsp

The above equation has been compared with the one intro-
duced in [18] and a difference of less than 5% has been
observed for transistors with Ly = 5 pm (and less than 8%
for L = 7 pum) for the parameter values studied in the next
section. The access resistance Rpy, is the resistance induced
by the distance between the base contact and the emitter. This
resistance is expressed simply as follows:

(13)

SEE
2-Lg’

RBsg = RSB : (14)

The third contribution is the intrinsic base resistance. The
expression of this resistance at zero bias is developed in [19]

Wg
12-Lg

Rpio = Rsp - (15)
This resistance is modulated by the base current and a
formulation of this effect is presented in [20]

tan(z) — z

ztan?(z) (16)

Rpi = Rpjo -
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where the z coefficient is given by

221+ 144712’—% —1
‘T \/E
Irp

with Igp being the current at which the intrinsic base resistance

becomes half of its zero bias value, Rpjg.
The modeling of the base region also includes the compu-
tation of the transit time. The transit time calculation in the
case of a linearly graded base has been introduced in [21]. A

formula that takes into account the finite exit velocity is given
in [22]

— (k_T>(1 _ e*AEC/kT>
vexit \ AEC
2 2 2
4 Ts k_T — T3 k_T (1 _ e—AEC/kT> (18)
D, \ AEc D, \ AEc

with Tp being the base thickness, vexj being the finite exit
velocity, and D, being the electron diffusion coefficient. The
exit velocity is considered to be equal to the thermal speed by
the following expression:

2kT
Vexit = .
\/ T,

This transit time depends on the conduction band offset
AEc in the base. When AE( is induced by a gradual doping
and composition, it can be expressed as follows:

7)

19)

AEc = AEC,comp + AEC,dop - AEC,BGN (20)
with AEc comp being the offset induced by composition grad-
ing, AEcdop the offset induced by doping grading, and
AEc pgn the offset due to band gap narrowing. AEc comp 1S
simply computed from the electron affinity as follows:

AEC,comp = XC — XE (21)
with xc (resp., xg) being the electron affinity on the collec-
tor (resp., emitter) side. If the base is too heavily doped, the
semiconductor becomes degenerate. To take this into account,

the Joyce—Dixon approximation is used in the calculation of
AEC,dop

Nge 1

Nac_Nae 22
e

As doping varies along the base, band gap narrowing also
varies. This induces AEc gy, which opposes AEc dop. A
model presented in [23] describes the distribution of the band
gap narrowing between Ey and Ec. AEc pGN

AEc dop = kBT|:ln

1 1
Nac - Nae 1 Nac - Nae 2
W) +C4<W> -3

In the case of GalnAs, C3 = 0.0113 and C4 = 2.2988e-4.

AEc BGN = C3<

4105

C. Collector and Subcollector

Resistances of the collector and subcollector are expressed
using formulas analogous to those used for the base. We, there-
fore, obtain the following expressions for the resistances that
constitute R¢:

Wg
Rri=R 24
Ci SC13 Ly 24
sge + Wep — sgp
Rcex1 = Rscu (25)
2-Lg
sgp + Lpc
Reer = Rsc———— 26
Cex2 SC 7. LE ( )
1 RCm
Rcc = E G_ COth(\/mLE)- (27)
c

Four capacitances are associated with the collector and the
subcollector. The capacitance Cpc is made up of three contri-
butions: 1) the junction capacitance Cp¢; which splits into Cgc;
and Cpcy; 2) the capacitance Cpcey due to the mesa undercut;
and 3) the fringe capacitance Cpcr. The last capacitance is
the parasitic capacitance Ccg due to interconnections. As the
base—collector junction is made of different layers with differ-
ent materials, the computation of the junction capacitance is
more complex than the base—emitter junction capacitance. A
method has been introduced in [24] to find the depletion width
and compute the capacitance Cpgcj. The junction capacitance
Cpcy is then computed as

Ag

AC>.

The intrinsic base—collector junction capacitance Cpc; is mod-
ulated by the collector current due to the fact that the transit
time is dependent of the current /c. An equation has been
introduced in [25] to take this effect into account as

Ap Ic Ic
—Cpgi—ki—~|1———
Ac 2 Itc

Cpcx = Cpgj <1 (28)

Cpci = (29)
where ki and Iy¢ are the coefficients that are extracted from
measurement. The capacitance Cpcex is formed due to the
undercut of the base mesa and is simply expressed as follows:

sgp - Lg

30
hpe (30)

CBCex =2+ Epolyimide
The fringe capacitance Cpcy is computed with an equation
similar to (8) and the parasitic capacitance Ccg is computed
similar to Cggp.

Unlike the base transit time, there is no analytical equation
to compute the collector transit time. As collector transit time
simulations are quite complex [10], a simple approximation is
used in the model. As the model focuses on maximal frequency
performance, the electron velocity is assumed to be constant
and optimal in the collector. Thus, the collector transit time
depends only on the collector thickness

2. Vavg

TC €19

with T¢ being the collector thickness and v,y the average
electron velocity. This velocity is determined from the transit
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Fig. 4. Small signal model with computed elements.

time corresponding to the maximum f7 obtained from the mea-
surement. Typically, the order of magnitude of this velocity is
3 x 107 cm/s.

D. Small Signal Model

In order to evaluate the frequency performance of the
DHBTSs under test, a small signal model using the elements
detailed above is built. More specifically, the S-parameter
matrix of the small signal model, shown in Fig. 4, is computed.

In addition to previously computed elements, which are only
passive elements, four other parameters are calculated in order
to take into account the behavior of the active transistor region

qlc
= 32
8m0 l’lkBT ( )
gm = &mo - eXp(—jwT) (33)
R, =P (34)
&m0
Cr =Cpe+gmo-T (35)

where n is the ideality coefficient of the base—emitter junc-
tion, t is the total transit time (7 + 7¢) and B is the static
current gain. An additional fitting parameter «, adjusted on
measurements, has been introduced in order to take the dis-
tributed behavior of Cpc, into account and, thus, model fyax
more accurately. The ideality coefficient n is directly obtained
from measurements and it is set to a typical value obtained
across several wafers. The static current gain § is determined
from the following equation:

B
="
TnB

(36)

with 1,5 being the electron lifetime in the base, deter-
mined from typical values obtained from measurements across
multiple wafers.

IV. RESULTS AND DISCUSSION
A. Comparison With Measurements

In order to validate our developed model, comparisons
with measurements have been performed for different emitter
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Fig. 6. Comparison between model (line) and measurements (symbol) for the
base—emitter and the base—collector capacitances (left) as well as the emitter
resistance (right), for different geometries.

widths and lengths. S-parameter measurements were per-
formed using an Anritsu Vectorstar analyzer up to 110 GHz
using on-wafer ALRM calibration and open-short de-
embedding. Modeling and measurement are performed at
Jc=6 mA/;Lm2 and Vcg = 1.6 V as this bias point allows
the best compromise between bias points corresponding to
the maximum fr and fyax. In order to best fit the measure-
ment the model needs to be calibrated with accurate parameter
values. The real dimensions of the fabricated devices are
extracted from SEM measurements while contact resistivities
are extracted from TLM measurements. In our case the con-
tact resistivity values are: pp = 4 Q /um?, pp = 10 Q/pum?,
and pc = 10 Q/um?. Also, the following six parameters are
tuned to further improved the model fitting: FC, k1, Itc, Igp,
Vavg, and a.

Fig. 5 summarizes the comparison of the measured and sim-
ulated transition frequencies fr and the maximum oscillation
frequencies fyax for two emitter lengths Lg of 5 and 7 um
with a base contact width Wgg = 0.3 um. For the transition
frequency fr, a good agreement between the model and the
measurement is obtained for Wg < 0.5 um. Similarly, a good
agreement is also obtained for fyjax for the narrower emitters.
However, these predicted fyjax values need to be interpreted
carefully as they are quite difficult to extract reliably from
measurements.

A more detailed analysis is required to understand the devi-
ation between the model and the measurement, especially, for
Wg = 0.7 um. Fig. 6 shows the base—collector capacitance,
the base—emitter capacitance, and the emitter resistance. A
good agreement is observed for all emitter widths Wg and
lengths Lg. Moreover, the error observed in Fig. 5 cannot
either be due to the transit time (as t¢ is adjusted to fit to
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Fig. 7. Simulated emitter resistance Rg (the striped part corresponds to
the semiconductor resistance Rg;) at different contact resistivity for different
emitter widths (left) and associated f7 (right).

the measurements) or the ideality factor n which is also accu-
rately extracted from measurements. Hence, we infer that the
discrepancies observed come from an underestimation of the
total collector resistance Rc. For small geometries Rc is neg-
ligible compared to Rg, which is why the error is visible for
WEg = 0.7 pum and is more significant for Ly = 7 pum.

B. Analysis of Technological Features

The optimization of cut-off frequencies is mainly done by
reducing the dimensions of the transistor. This must be accom-
panied by improvement in technological features through
process optimization as the parasitic elements of the fabricated
device become non-negligible. In particular, the transistor
operation is limited by contact resistances and parasitic capac-
itances. Hence, a good control over the emitter and base mesa
fabrication is crucial. The importance of these two elements is
analyzed using the model presented above for a transistor with
an emitter width Wg = 0.4 um (unless otherwise specified)
and an emitter length Lg =5 um.

1) Emitter Features: Technological features of the emitter
may lead to two limitations. First, the metal-semiconductor
resistance adds a significant contribution to the total emitter
resistance. This resistance partly explains why the f7 decreases
with the emitter width (the other reason is that at constant
current density the contribution (nkT/qlc) increases). The
reduction of the contact resistance is a key factor for sup-
porting the miniaturization required by the frequency increase.
Fig. 7 shows the total emitter resistance as well as the tran-
sition frequency fr for different emitter contact resistivity pg.
The first point to note is that the reduction of pg is more
beneficial for small emitter widths. A decrease of pg from 5
to 1 Q/um? increases fr by 7% for transistor with Wg
0.2 pum while it increases fr by 3.4% for transistor with
Wg = 0.4 pm. The second point to note is that this reduc-
tion of pg to 1 /um? makes the contribution of the contact
resistivity relatively minor. Therefore, further reduction of Rg
must be achieved through the reduction of the semiconductor
contribution Rg;, as it has been done in [2] and [3].

Another key element for the emitter design is the undercut
depth induced by the wet-etch process. This undercut increases
the distance sgg between the base contact and the emitter edge.
Fig. 8 shows the influence of sgg on different parameters such
as the frequency performances. It appears that this undercut
has to be reduced for multiple reasons. First, this undercut is
directly related to the emitter area, this leads Rg to decrease

4107
70 —
—f
600 F A
160 - MAX
S Nossof 1
500 O
3 %500
o =2f ]
Jeo g 2
O o 450f
130 &
400} ]
— ]
o7 R DY
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

sgg (nm) Sgg (nm)

Fig. 8. Influence of the emitter undercut sgg on Rpy, rg X Cgg, and Rg x Cpc
(left), and on the frequency performance fr and fyax.

1000

200, == { g um?
180F  ——20um? 900 F ]
- 160p  ——40pm? —
© 140f ——10Qum? 3 800t bl
8120} Q
o < 700 8
31007 §
© gof “

60
40f

600 /\
500}

150 0 50

100 150

sgg (nm)

100
sgg (nm)

Fig. 9. Influence of the base undercut sgp on the Rpx x Cpc product (left)
and on the maximum oscillation frequency fyax (right).

and the Cpg to increase naturally while sgr decreases. As
shown in Fig. 8, this reduces the product Rg x Cpc as well
as the product rg x Cpg, and in turn increases the transition
frequency fr. The reduction of rg x Cpg with sgr can be
explained by the fact that the simulation is performed at a
constant current density which then leads to the reduction of rg
as the emitter section increases. This undercut is also linked to
Ry, (therefore, to Rpy) which explains why fvax is impacted
by sgr. The undercut sgg, therefore, needs to be minimized
in order to maximize both the maximum oscillation frequency
fmax and the transition frequency fr.

2) Base Features: The base mesa fabrication strongly influ-
ences the maximum oscillation frequency fymax according
to (2) as it impacts both Rp, and Cpc,. Fig. 9 shows the
impact of the base undercut on both Rp, x Cpc and fuax.
It is well known that reducing the base contact resistivity
pp increases fuyax. However, more than that, through this
decrease in pp, the undercut sgp can be increased and further
maximize the frequency performance. Fig. 9 shows that the
Rpx x Cpc product reaches a minimum at a given sgg which
in turn depends on pp. Optimizing only the contact resistivity
prevents from achieving substantial gains on fiyax. It is a diffi-
cult optimization as it requires to have a good control over the
undercut. Moreover, this undercut slightly increases the transi-
tion frequency fr by lowering the base—collector capacitance.
Another method to achieve an optimal Rp, x Cpc product
could be to reduce the base contact width. This method has
the disadvantage of increasing the contribution of the metal
stack resistance, Rp,,, to the resistance Rpc.

C. Epitaxial Structure Optimization

As seen previously, technological feature optimization in the
emitter and the base leads to significant gain on the maximum
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Fig. 10. Base transit time 7g and base sheet resistance Rgp as function
of the base thickness for different base doping graduality (left). Associated
frequency performance (right).

oscillation frequency fmax. The improvement of the transi-
tion frequency fr depends, for the most part, on the vertical
structure optimization. These optimizations are mainly focused
on the base and the collector for which the transit times are
described in (1).

1) Base Optimization: The optimization of the base is
compulsory in order to reduce the base transit time and to
maximize fymax. It is possible to decrease the transit time
by creating an offset AE¢ in the conduction band governed
by (20). This offset can be created in two ways: 1) gradual
composition or 2) gradual doping. Gradual composition is lim-
ited by the lattice mismatch it induces, however, it has the
advantage of maintaining the base sheet resistance constant.
On the other hand, gradual doping can lead to an increase
of the base sheet resistance. The doping graduality is, thus,
a tradeoff between base transit time and base sheet resis-
tance. Another method of decreasing the base transit time is
to reduce the base thickness. This solution also increases the
base sheet resistance. Doping graduality and reduction of the
base thickness, however, has the advantage of increasing the
transistor static current gain S. Fig. 10 shows the frequency
performance for different base thicknesses as well as different
doping graduality (in each case there is a gradual composi-
tion from Gag 53Ing 47As on the emitter side to Gag 47Ing s3As
on the collector side). The doping on the emitter side is set
at 8 x 10" cm™3. Interestingly, a low graduality in doping
marginally reduces fyax although it increases the base sheet
resistivity. The significant increase in fr compensates for it.
The choice of the base epitaxial structure is, thus, a tradeoff
between increasing f7 and decreasing fMax.

2) Collector Optimization: The optimization of the col-
lector plays an important role in increasing frequency per-
formances through to reduction of the collector transit time
7c. In the case of a type-I InP DHBT, a major part of the
optimization consists of optimizing the base—collector junc-
tion to reduce the effect of the heterojunction barrier. The
model does not take this aspect into account as the electron
velocity in the collector is considered to be constant. With this
hypothesis, the study focuses on the impact of collector thick-
ness on frequency performance as well as the Kirk current
density (which is linked to the collector doping). The higher
the Kirk current density, the higher the optimal collector cur-
rent density (Jc at which fr is maximal). This results in a
lower dynamic emitter resistance rg (= (nkT/qlc)). Fig. 11
shows the rg x Cpc product, the collector transit time and the
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frequency performances as a function of the collector thickness
for three collector current densities.

As expected from our assumption, the transit time 7¢ is pro-
portional to the collector thickness T¢. It is, therefore, obvious
for fr to increase while T¢ decreases. On the other hand, the
reduction of T¢ increases Cpc which then decreases fyax.
As observed for the base, the choice of collector thickness is
also a tradeoff between increasing fr and decreasing fvax.
Moreover, it is necessary to keep in mind that the collector
thickness is linked to the breakdown voltage BV cgg. Another
way to improve the frequency performance is to increase the
Kirk current density (by increasing the average collector dop-
ing). Due to this, it is possible to increase fr, as the rg x Cpc
product is reduced. As the base—collector capacitance remains
constant, this also increases fyax. The main drawback is that
the device operates at higher temperature which can limit its
performances due to self-heating.

D. Toward Ultimate Frequency Performance

As discussed previously, there are several means to improve
the frequency performance of InP DHBTs. In this part,
all these improvements are summarized to assess the ulti-
mate achievable performances. Fig. 12 shows the expected
frequency performance fr and fymax after different opti-
mizations. The optimizations related to the vertical structure
are shown by blue symbols while the ones related to the
technological improvement are presented using red.
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On this figure, (0) corresponds to the initial measured
performance of a 0.4 x 5 wum? transistor with Wg = 0.3 pm.
The optimization performed at each of the steps, in Fig. 12,
is as follows.

1) Base thickness is reduced to 20 nm, a gradual doping
from 9 x 10!° to 6 x 10'® cm ™3 is introduced. It reduces
the base transit time and slightly increases the base sheet
resistivity.

2) The collector thickness is reduced down to 100 nm.
At the same time the doping is adjusted to push the
Kirk current to 10 mA/um?. Owing to this the collec-
tor transit time as well as the dynamic emitter resistance
are reduced. This leads to an increase in the transition
frequency fr.

3) Emitter undercut is reduced to 20 nm leading to an
increase both in fr and fyax as the emitter resistance
and the base access resistance are reduced.

4) Emitter contact resistivity is reduced to 1 €/um?
leading to a slight increase of both f7 and fyax.

5) Base contact resistivity is reduced to 5 2/ um? and the
base undercut to 130 nm. The transition frequency fr
increases as Cgc decreases. Combined with the reduction
of Rp, this leads to a significant increase of fyax.

6) Base contact resistivity is reduced to 1 /um?.

7) The emitter width is reduced to Wg = 0.2 um. It
decreases the intrinsic part of Cpc and leads to higher
fmax. However, fr is negatively affected by the increase
in Rg.

With these optimizations, the expected frequency perfor-
mances show the promise of InP DHBTSs for THz applications.
These predictions must be interpreted with caution as some
effects are neglected in the model. For example, the FC coef-
ficient introduced to compute the Cpg;j capacitance may change
with the layout. Likewise, the o coefficient introduced to take
into account the distributed aspect of the base—collector capac-
itance changes when the base contact resistivity and undercut
are modified. However, it is clear that, eventually, the maxi-
mum oscillation frequency fyax will be far higher than the
transition frequency fr. To understand this limitation, it is pos-
sible to analyze the elements contributing to f7. Fig. 13 shows
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the different contributions that limit the transition frequency
at each improvement step.

As expected, the first two steps related to the base and collec-
tor transit time reduction induce an important impact on fr. The
optimal base undercut that leads to the reduction of the base
contact resistivity also has a relatively significant impact on the
transition frequency. At the last step, despite significant techno-
logical optimizations, the transition frequency is still limited.
The collector transit time represents more than 60% of the total
contribution. As the possible gains through an optimization of
technological features are low, the only way to improve the
transition frequency would be to reduce the collector thickness
which would result in a lower breakdown voltage.

V. CONCLUSION

We have developed an analytical geometric model to predict
frequency performance of InP/InGaAs DHBTs. This model
uses an approach which consists of reconstructing the small
signal model. To this end, the computation of all the intrinsic
and parasitic elements has been detailed. This analytical model
shows good agreement with measurements obtained on various
transistor geometries. Next, the influences of the emitter fea-
tures as well as that of the base on the frequency performance
have been studied. The optimization of the vertical struc-
ture was also addressed. Finally, the combination of both
technological features and vertical epitaxial structure optimiza-
tions have been studied to understand the ultimate frequency
performance that can be achievable. This work paves the way
to transistors featuring fmax > 1 THz and fr > 500 GHz.

This work also opens up the possibilities for even more
accurate modeling, in particular by combining this model with
compact modeling approaches taking into account additional
phenomena, such as the Kirk effect and self-heating.
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