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We present experimental measurements and numerical simulations of the intrinsic forward delay 
as a function of base thickness in abrupt junction n-p-n Ab,4sI~.sz~s/In,,~G~.~~As 
heterojunction bipolar transistors. For base thicknesses up to 1350 A and impurity 
concentration p= 1.5 X 1019 cm-s we find that nonequilibrium electron transport ensures that 
base transit delay is less than that in the 3000-A-thick collector space-charge region. This 
provides an opportunity to increase base thickness and reduce base resistance without sacrificing 
the intrinsic forward delay time. 

Figure 1 shows a schematic band diagram of an 
Ab.4sIno.52As/Ino.53Ga0.47AS n-p-n heterojunction bipolar 
transistor (HBT) under forward bias. The r-valley 
conduction-band minimum CB,i, , the subsidiary 
conduction-band L minimum, and the valence-band max- 
imum VB,, , are indicated. This structure is of particular 
interest because the large conduction band offset AEc 
-0.47 eV between the Alc,.481ne52A~ emitter and the 
IxQ,~~G~.~~As base results in extreme nonequilibrium elec- 
tron transport in the base. It has previously been reported 
that this fact results in nonclassical scaling behavior in the 
static (dc) characteristics of the device. For example, 
breakdown voltage in the collector depends on base thick- 
ness xg (Ref. 1) and current gain scales as l/xB for devices 
with a thin base.” The physics governing these phenomena 
are intimately related to the temporal and spatial evolution 
of the nonequilibrium electron distribution initially in- 
jected into the base. In this letter, we report the effect such 
nonequilibrium electron dynamics has on the forward de- 
lay time of a transistor as a function of base thickness xg. 

The device structures are grown by solid-source mo- 
lecular beam epitaxy on semi-insulating InP substrates us- 
ing techniques described in Ref. 3. The In,,,,Gac,,As base 
of thickness xg is Be doped to p= 1.5 X lOi cmm3. The 
Ines3Gae4,As collector space-charge region is xc= 3000 A 
thick and doped to n = 1 X 1016 cmp3. Fabricated HBTs 
have an emitter stripe width of 2.5 ,um. 

Figure 2 (a) shows measured total forward delay time 
rF’rB+rc as a function of base thickness 200 
Aii<xB<4000 i&4 Here, rB and rc are base and collector 
transit delays, respectively. The delay time is obtained by 
fitting the measured s parameters to the equivalent circuit 
model shown in the inset of Fig. 2 (a). The error bars are a 
measure of fit sensitivity to a given set of equivalent circuit 
parameters. We note that, although the absolute value of 

rF may slightly depend on the equivalent circuit model or 
the extraction method, in this letter we are only concerned 
with the relative change (i.e., the scaling behavior) of rF 
for different xg . 

For base thickness less than approximately 1000 A, the 
total forward delay is dominated by ro and is therefore 
insensitive to variations in xB. The measured delay time of 
rFerc=O.5*0.2 ps corresponds to an average electron 
velocity in the collector of approximately vCZxo/2rC=3 
x 10’ cm s-‘. When x BZ 1000 A the base transit delay 
becomes important and ri? increases. For xB=4000 A we 
obtain rF=6.7 ps and, since rc remains essentially con- 
stant, we estimate rB= 6.2 ps corresponding to an average 
forward electron velocity in the base of vgcxs/rB=6.4 
X lo6 cm s-l. Obviously, the dramatic increase in base 
transit time delay can only be explained by a large change 
in average electron velocity with increasing base thickness 
XB. 

To understand the physics underlying these experi- 
mental results we performed numerical simulations similar 
to those described in Refs. 5-7. The electrons contributing 
to the emitter current, IE, are initially thermally distrib- 
uted in the conduction band of the wide band-gap 
Ale4sIne,,As emitter. Under forward base-emitter bias, 
electrons are injected with approximate excess kinetic en- 
ergy AEc=0.47 eV into the F-valley conduction band of 
the p-type In0.,3Gac,47As base. There is also the possibility 
that some electrons enter the base, or subsequently scatter 
into the subsidiary L valley 0.55 eV above CB,i, (see Fig. 
1). The probability that electrons scatter elastically from 
statically screened ionized p-type impurities or inelastically 
off excitations of the degenerate p-type majority carriers 
while traversing the base may be calculated using the ap- 
propriate dielectric response function.8S9 Electrons in the 
conduction band may also scatter off other conduction- 
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FIG. 1. Schematic band diagram of an n-p-n Ab,,sIrb,,,AsA~.,,G~.~,~ 
HBT under forward bias. AE,=0.47 eV, p=lSX lOI cm-‘, and xc 
=3ooo A. 

band electrons. The model also takes into account the finite 
current gain of the transistor which arises from the fact 
that conduction-band electrons traversing the base can re- 
combine with p-type majority carriers giving rise to base 
current Ig= ( 1 -a jE). Having traversed the base, elec- 
trons are accelerated in the electric field of the reverse- 

Base thickness, xB (A) 

FIG. 2. (a) Small signal forward delay TV for different base thicknesses 
xs. The measurements were carried out at emitter current density of 
5 x lo4 A cm-’ and collector-emitter voltage bias F’ca= 1.5 V. The error 
bars are l 0.2 ps. The inset shows the equivalent circuit model used to 
model the device. (b) Results of calculating $%, qi%, and &?% 
as a function of base thickness for the device parameters used in the 
experiments. 
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FIG. 3. Results of calculating the longitudinal (perpendicular to the 
plane of the heterojunction) electron velocity ~1, and transverse electron 
velocity u, distribution in the base of an Ale,4 Incs2As/I~,s~Gac47As 
HBT for x=xs/2 and x=xs with (a) x,=300 x and (b) x,=2ooO A. 

biased collector space-charge region. Here they may suffer 
inelastic collisions with phonons and other electrons. 
Those electrons which gain enough kinetic energy may also 
transfer from the nonparabolic I’ valley to the high effec- 
tive electron mass L- and X-valley conduction-band min- 
ima. In our model, trajectories of electrons are determined 
using a semiclassical Monte Carlo algorithm in which Pois- 
son’s equation is satisfied throughout the simulation. 

In Fig. 2(b) we plot results of calculating the forward 
delay for 50% of step-injected current aIE to flow through 
the device ?i%. Also shown are the contributions of 7580% 
and r?” as a functions of base thickness xg. rg% is the 
time for 50% of current a1, to flow across the base and 
rz” is the 50% large-signal delay across the collector. The 
results of our model are in good qualitative agreement with 
the experimental data shown in Fig. 2(a) even though the 
measured small-signal delay rF is not identical to the cal- 
culated large-signal rp”. The numerical simulations 
clearly show that, although base transit delay increases 
with increasing xg, rB does not become greater than rc 
until xB>1350 A. In contrast, for a similar transistor but 
with diffusive base transport and diffusion constant D=25 
cm2 V-’ s-i, rB becomes greater than rc when x+600 A. 
Hence, the abrupt emitter/base junction HBT can have 
more than double the base thickness of the corresponding 
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FIG. 4. Calculated electron energy distribution function at x$2 for xa 
=lOOO A and x,=4000 A. Dotted curves are the thermal electron dis- 
tribution corresponding to an effective electron temperature T,. 

graded junction HBT without suffering a penalty in rF. 
To establish the role played by nonequilibrium electron 

transport in determining the trends in Figs. 2 (a) and 2 (b ) , 
in Fig. 3 we plot longitudinal and transverse electron ve- 
locity distribution in the base at x===xB/2 and x=xB for 
[a) x,=300 A and (b) x,=2000 A. On the one hand, for 
a base thickness of xB=300 8, the peak in longitudinal 
electron velocity at approximately 1.2 x 10’ cm s- ’ is due 
to extreme nonequilibrium electron transport across the 
base. On the other hand, the absence of any significant high 
velocity peak for x,=2000 A is a clear indication that 
electrons have suifered many elastic and inelastic colli- 
sions. Nevertheless, even for xB=4000 A the electron dis- 
tribution function has not thermalized to the lattice tem- 
perature T =300 K. Of course, if the electron distribution 
could be described by some effective electron temperature 
T,, we might consider introducing an effective diffusion 
constant D( T,) to describe electron motion. However, as 
illustrated in Fig. 4, such an approach fails because, even 
for ~~-4000 A, the nonequilibrium electron distribution 
function cannot be described by an effective electron tem- 
perature T, . 

Although high-energy injection in abrupt junction 

A~,,II~~.~~As/I~.,~G~.~,As HBTs results in nonequilib- 
rium electron transport which does, in fact, reduce base 
transit delay, it may not be the optimum design in a tran- 
sistor if device speed is limited by resistive and capacitive 
parasitics. In such a case it is necessary to carefully eval- 
uate the relative advantages and disadvantages of abrupt 
versus graded emitter heterostructures.” In a graded de- 
vice the turn-on voltage is reduced by approximately AE, 
resulting in reduced power dissipation. Furthermore, the 
collector current ideality factor n will be close to unity 
(compared to around n= 1.5 for an abrupt junction 
A10,4sI~.52As/I~.,1Ga0.47AS HBT) resulting in a 33% re- 
duction in emitter dynamic resistance r,=nkBT/qIE, 
where k,T is the thermal energy, and q is the electron 
charge. Therefore, if the base delay for diffusive transport 
can be tolerated, as usually occurs in a device dominated 
by parasitics, it may be beneficial to grade the emitter/base 
junction. On the other hand, it is important to note that the 
use of an abrupt emitter/base junction in the transistor of 
Fig. 1 allows for more than a factor of 2 thicker base for a 
given transit delay and this, of course, results in a lower 
base resistance. Reduction of base resistance is particularly 
important in devices with relatively large emitter dimen- 
sions. Thus, nonequilibrium electron transport provides an 
opportunity to reduce base resistance without suffering a 
penalty in base transit time. 
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