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A physical model for scaling and optimizing InGaAs/InP double heterojunction bipolar transistors (DHBTs) based

on hydrodynamic simulation is developed. The model is based on the hydrodynamic equation, which can accurately

describe non-equilibrium conditions such as quasi-ballistic transport in the thin base and the velocity overshoot effect in

the depleted collector. In addition, the model accounts for several physical effects such as bandgap narrowing, variable

effective mass, and doping-dependent mobility at high fields. Good agreement between the measured and simulated

values of cutoff frequency, ft, and maximum oscillation frequency, fmax, are achieved for lateral and vertical device

scalings. It is shown that the model in this paper is appropriate for downscaling and designing InGaAs/InP DHBTs.
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1. Introduction

InGaAs/InP double heterojunction bipolar tran-

sistors (DHBTs) have been widely used to fabricate

the power amplifiers working at the millimeter band

and high speed mixed-signal integrated circuits due to

their excellent material properties.[1,2] To achieve ul-

timate circuit operation, an InGaAs/InP DHBT with

very high cutoff frequency, ft, and maximum oscilla-

tion frequency, fmax, should be designed. An optimiz-

ing layer structure and downscaling geometric layout

for high performance InGaAs/InP DHBTs is essential.

From device design theory,[3] the use of a thin collec-

tor associated with a thin base can induce superior

ft and fmax. In addition, the narrower emitter and

collector junctions are able to operate the device at

higher frequency. For this reason, a physical model

for InGaAs/InP DHBTs, which can be efficiently and

confidently used when downscaling and optimizing the

device to achieve high ft and fmax, is required.

As the vertical dimensions of DHBT are reduced

and the operation speed is increased, the transport

of high-energy electrons can be significantly out of

equilibrium, and the resulting velocity can be much

higher than that in a steady state. Nonequilibrium

electron transport in InGaAs/InP DHBTs becomes

clearly observable, which cannot be accurately de-

scribed by a conventional drift-diffusion model.[4] On

the other hand, a Monte Carlo simulation of the de-

vice, which solves Boltzmann’s transport equation,[5]

can obtain accurate results. Unfortunately, because

a Monte Carlo simulator computes the distribution of

the electron energy at any device operation point, it is

too time and memory consuming to simulate a device

efficiently.

Currently, the most popular DHBT models, such

as the Gummel–Poon or Agilent HBT models, are par-

ticularly suitable for fast circuit simulation. However,

they are unscalable and cannot be used for device de-

sign, which must be calibrated with already fabricated

and measured devices, and they cannot be used to

analyse several physical effects such as bandgap nar-

rowing, variable effective mass, carrier injection into

the base and collector, as well as ballistic transport.

Therefore, in this paper, a physical model based

on hydrodynamic simulation is used to analyse and as-

sess the important physical effects and for the scaling
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and design of InGaAs/InP DHBTs. A hydrodynamic

model taking electron heating and velocity overshoot

effects into account can result in accurate results. In

addition, a hydrodynamic model is simplified to com-

pute only the average electron energy, which is much

faster than the Monte Carlo simulator.

The rest of the paper is organized as follows.

First, in Section 2, the structure of InGaAs/InP

DHBTs is described. In Section 3, the physical hy-

drodynamic model is built in detail, including several

physical effects, and in Section 4, we present the model

that achieves good results when compared not only

with the experimental data of a single device, but also

with measurements of scaled versions of InGaAs/InP

DHBTs.

2. The material and structure of

InGaAs/InP DHBTs

In an InGaAs/InP DHBT, to eliminate the con-

duction band spike and suppress the current blocking

effect, an InGaAsP composite collector is used.[6] The

composite collector structure consists of an InGaAs

setback layer and two step-graded InGaAsP layers.

Figure 1 shows a typical cross-section of our fabricated

InGaAs/InP DHBT structure. Due to device symme-

try, only half the device needs to be simulated. In

addition, the extrinsic collector is regarded as a par-

asitic part, which can be included in the model with

the R–C network. When scaling the emitter width,

the collector width is correspondingly scaled, keeping

the base contact width and collector underetch un-

changed, as depicted in Fig. 1. The layer structure

of the InGaAs/InP DHBT is shown in Table 1, while

the energy band diagrams of the device at thermal

equilibrium are given in Fig. 2.

base width/2 emitter width/2

emitter contact

BCB

BCB composite collector

base contact
graded InGaAs base

collector contact

Fig. 1. Cross-section of our fabricated InGaAs/InP

DHBT structure (BCB: benzocyclobutene).

Table 1. Simulated layer structure of the InGaAs/InP

DHBT.

Layer Material Thickness/nm Doping/cm−3

emitter-cap InGaAs 200 n:2×1019

emitter InP 130 n:1.2×1019

emitter InP 40 n:2×1017

base InGaAs 65 p:3×1019

setback InGaAs 50 n:1×1016

grade InGaAsP 20 n:1×1017

grade InGaAsP 20 n:1×1017

collector InP 200 n:1×1016

collector InP 50 n:1.2×1019

sub-collector InGaAs 50 n:2×1019
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Fig. 2. Conduction and valence bands at zero bias of the

InGaAs/InP DHBT.

3. Hydrodynamic model descrip-

tion

The electron model consists of the Poisson equa-

tion, continuity equations and energy conservation

equations as follows:

∇ · ε∇ϕ = −q(p− n+ND −NA)− ρtrap, (1)

Jn = qun(n∇EC + kTn∇n+ kn∇Tn

− 1.5nkTn∇ lnmn), (2)

∇Sn = Jn ·∇EC − n
∂wn

∂t
− n

wn − w0

τe
, (3)

Sn = −5rn
2

· kTn

q
Jn − k2

q
nunTn∆∇Tn, (4)

Tn = gTC + (1− g)T, (5)

where ε is the electrical permittivity, ϕ is the electro-

static potential, q is the elementary electronic charge,

n and p are the electron and the hole densities, ND is

the concentration of ionized donors, NA is the concen-

tration of ionized acceptors, ρtrap is the charge den-

sity contributed by traps and fixed charges, EC is the

conduction band edge energy, Tn is the electron tem-

perature, mn is the electron effective masses, Sn is the

058501-2



Chin. Phys. B Vol. 21, No. 5 (2012) 058501

energy flux, wn = 3kTn/2 is the average electron ther-

mal energy, w0 = 3kT/2 is the equilibrium thermal

energy, τ e is the energy relaxation time, rn is the en-

ergy flux parameter, ∆ is the heat flux parameter, g

is the thermal diffusion, TC is the carrier temperature

and T is the lattice temperature.

3.1.Mobility

As is well known, mobility is not only doping-

related but also field-dependent.[7,8] For the hydrody-

namic simulation, the electron mobility model is ex-

pressed by the following set of equations:

un,dop = umin +
ud

1 + (Ndop/N0)A
, (6)

un,field =

un0 +

(
vsat
E0

)(
F

E0

)4

1 +

(
F

E0

)4 , (7)

1

un
=

1

un,dop
+

1

un,field
− 1

un0
, (8)

where F is the driving force; Ndop is the doping con-

centration; ud, N0, and A are temperature-dependent

coefficients; vsat, umin, and E0 are cited from Refs. [7],

[9], and [10]; un0 is the low field mobility at low dop-

ing; un,dop is the mobility due to impurity scattering,

and un,filed is the field-dependent mobility at low dop-

ing. Then, the electron mobility can be obtained by

Eq. (8).

The driving force for the electron is

F =

√
wn − w0

qunτe
. (9)

3.2.The physical properties of the

model

For InGaAs/InP DHBTs, there are additional

physical effects to be included in the physical model.

3.2.1. Thermionic emission

At a general forward emitter-base bias,

thermionic emission is a dominant effect for In-

GaAs/InP DHBTs. The thermionic emission equation

system for electrons can be written as

Jn,E = Jn,B, (10)

Jn,E = aq

[
vn,EnE

− me,E

me,B
vn,BnB exp

(
−∆EC

kTn,B

)]
, (11)

Sn,E = Sn,B +
c

q
Jn,E∆EC, (12)

Sn,E = −bkB

[
vn,EnETn,E

− me,E

me,B
vn,BnBTn,B exp

(
−∆EC

kTn,B

)]
, (13)

where the emission velocity is defined as

vn,i =

√
kBTn,i

2πme,i
, (14)

with the subscripts ‘E’ and ‘B’ denoting the emitter

and base, respectively; Jn,i and Sn,i are the current

density and the energy flux density with i=E or B, re-

spectively; parameters a, b, and c are extracted from

the measurements for the bias point where the Kirk

effect takes place.

3.2.2. Bandgap narrowing

It is important to simulate bandgap narrowing

due to heavy doping.[9] If bandgap narrowing is ig-

nored, the energy band diagrams will be distorted

and electron transport across potential barriers such

as base-emitter junctions will be blocked. As a result,

the current gain and the cutoff frequency are much

lower than the actual values. Therefore, bandgap nar-

rowings are implemented for all heavily doped layers

in the model. Bandgap narrowing is most pronounced

in the highly doped base where the bandgap reduces

75 meV.[9,11]

3.2.3. Doping-dependent effective mass

In general, physics-based device simulators use a

simple parabolic band model, and restrict the effec-

tive mass to a constant quantity. However, this is only

an accurate approximation near the conduction band

minimum or valence band maximum. If ND and NA

become comparable to or greater than the conduction

band density of states (NC) and valence band density

of states (NV), the Fermi-level (EF) enters into the

conduction or valence band. The energy level occu-

pied by the carrier is higher than the band minimum.

The constant effective mass cannot properly account

for the properties of the degenerately doped semicon-

ductors. In this paper, a third polynomial equation is

used to represent the electron effective mass.[9]

3.2.4. Surface traps

Missing atoms at the surface produce traps which

can generate recombination current. Surface traps
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with surface densities and energy levels as given in

Ref. [12] have been incorporated into the model.

3.2.5. Recombination

Shockley–Read–Hall (SRH), radiative and Auger

recombination values from the literature have been in-

corporated into our model: τSRH = 60 ns, Crad =

1.4×10−9 cm3/s, and CAuger = 4×10−29 cm6/s. The

radiative recombination in the base is a dominant bulk

recombination effect.

3.2.6. Contact resistances

The contact resistance which can be concluded

from the transmission-line measurement has been

used in our model: the specific contact resistance of

the emitter contact (ρE) is 3×10−7 Ω·cm2, the spe-

cific contact resistance of the base contact (ρB) is

2×10−7 Ω·cm2, and the specific contact resistance of

the collector contact (ρC) is 3×10−7 Ω·cm2.

3.2.7. External resistance and parasitic capaci-

tance

The external emitter and collector resistances,

base-emitter and collector-emitter parasitic capaci-

tances can be extracted from a small-signal model for

the devices.[13]

4. Hydrodynamic model verifica-

tion of laterally and vertically

scaled DHBTs

In this section, the model is verified by compar-

ing with experimental or reported data for laterally

and vertically scaled DHBTs. The simulation is con-

sistent with the results from the scaling theory and

experiment.

4.1.Base and collector transit times

The cutoff frequency ft is related to the emitter-

collector transit time (τEC) as follows:

1

2πft
= τEC =

ηkT

qIE
(CBE + CBC)

+CBC(RE +RC) + τB + τC. (15)

For a modern InGaAs/InP DHBT, the base tran-

sit time of τB and the collector transit time of τC are

becoming dominant terms in this sum. In order to

enhance the high-speed operation of DHBT, the re-

ductions of τB and τC are essential, which is the main

reason for a vertical downscaling InGaAs/InP DHBT.

The strongly effective verification of the model is to

simulate and predict the rules of τB and τC that vary

with device thickness.

The values of τB and τC can be obtained using

the following formulas:[4,14]

τB =

∫ dB

0

dx

v(x)
, (16)

and

τC =

∫ dC

0

dx

v(x)

(
1− x

dC

)
, (17)

where v(x) is the carrier velocity, and dB and dC are

the base thickness and the collector thickness. Ac-

cording to the equation, v(x) should be simulated to

obtain the τB and τC values of InGaAs/InP DHBTs.

Figure 3 shows the velocity profiles obtained by our

model for a bias point with a high current density at

which the Kirk effect takes place. Our results are sim-

ilar to the Monte Carlo simulation results.[4]
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Fig. 3. Electron velocity profiles in InGaAs/InP DHBTs

obtained by hydrodynamic simulation.

First, in a DHBT with abrupt emitter/base inter-

face, when electrons are injected from the emitter bar-

rier into the base, the initial velocity yield by the con-

duction band discontinuity ∆EC can be high (Fig. 3).

Then, in the base, the scattering rate can be much

higher by an accumulation of quasi-thermalized car-

riers due to the electron with a randomized velocity

vector.[4] In order to solve this problem, a graded base

is designed which can sweep out quasi-thermalized

carriers and speed the electrons. Next, in the grading

layer, the electron velocity overshoot appears (Fig. 3).

However, the energy loss of electrons through inelastic

scattering is high due to the very high field.[4,15] As

a result, the overshoot width is narrow and the elec-

tron velocity shrinks quickly. Finally, in the collector,
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∆EΓ−L is 0.6 eV in InP and the field is low, which

promises a much wider overshoot range compared with

that in the grading layer. The quasi-ballistic transport

appears over a large fraction of the collector layer, and

electron velocities higher than 4×107 cm/s are main-

tained, as shown in Fig. 3.

The reasonable agreement between the simulated

and measured data for the base and the collector

transit times is important for the verification of the

model. Figure 4 shows that the model-based calcu-

lated and experimental data for the overall transit

τB+τC, each as a function of base thickness dB, are in
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Fig. 4. Measured and model-based calculated τB versus

dB for InGaAs/InP DHBTs.
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Fig. 5. The sum of base and collector thickness dB + dC
versus τB + τC. (a) dB = 50–65 nm, (b) dB = 25–33 nm.

good agreement.[4,16] It can be seen that τB changes as

τB ∝ d2B for dB, ranging from 20 to 100 nm, where the

classical diffusive transport of electrons takes place,

and as τB ∝ dB for dB less than 20 nm, which is in-

dicative of ballistic transport. The phenomenon is in

agreement with the result in Ref. [4]. Figures 5(a)

and 5(b) show the plots of τB+τC (reported measure-

ments and calculations in this model) as a function of

dB + dC.
[16−20] The deviation is consistently less than

10%.

4.2.High-frequency performance

The most important figures of merit characteriz-

ing the high-frequency performance of DHBT are ft

and fmax. Therefore, the most important aspect of
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Fig. 6. Measured and model-based calculated ft and fmax

values for InGaAs/InP DHBTs with different values of

dB, dC, and AE: (a) dB = 65 nm, dC = 290 nm, and

AE = 1 × 14 µm2; (b) dB = 40 nm, dC = 200 nm, and

AE = 1 × 14 µm2; (c) dB = 30 nm, dC = 100 nm, and

AE = 0.7× 20 µm2.

058501-5



Chin. Phys. B Vol. 21, No. 5 (2012) 058501

the model is to correctly estimate the ft and fmax val-

ues of InGaAs/InP DHBTs. Figure 6 shows the values

of ft and fmax versus current density for InGaAs/InP

DHBTs with different values of dB, dC, and an active

emitter area AE. The Kirk current point, at which

the maximum ft is measured, depends on the layer

structure design, contact resistances, fabrication pro-

cess, and test accuracy, which cannot be simulated

very accurately by numerical simulation before the de-

vice is fabricated. The deviation in model-based calcu-

lated values is always smaller than 20% compared with

those of the measurements. The accuracy of the model

is suited to downscaling and optimizing the structure

of InGaAs/InP DHBTs.

5. Conclusion

In maximizing InGaAs/InP DHBT performance

for circuit applications, there are two tradeoffs, ft ver-

sus RB and RE in the lateral direction and ft versus

CBC in the vertical direction. The narrower emit-

ter can improve ft but increase RB and RE, which

leads to low fmax. The reduction in collector thick-

ness can reduce τEC but increase CBC and lower the

breakdown voltage. The actual design optimization

of InGaAs/InP DHBTs is not simple because many

parameters must be taken into account. There is a

strong requirement for the model to scale and optimize

the layer structure of InGaAs/InP DHBTs, which can-

not be achieved by the currently most popular model.

The model presented in this paper can meet the re-

quirement and be used to design high performance

InGaAs/InP DHBTs for circuit applications.
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