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Transconductance Degradation in Near-THz InP
Double-Heterojunction Bipolar Transistors

Vibhor Jain and Mark J. W. Rodwell, Fellow, IEEE

Abstract—We examine the relationship between transconduc-
tance g,, and emitter current density Jg for InP/InGaAs/InP
abrupt emitter—base (EB) double-heterojunction bipolar transis-
tors operating at high Jg. High Jg is needed to increase g,,
for reduced C/g,, delays. We observe a significant degrada-
tion in measured g.,,, below qIx/kT with increased Jg. This
degradation primarily results from the Fermi-Dirac statistics
governing current injection at high current densities and from
quantum-mechanical reflection at the EB junction arising from
changes in the electron effective mass and in the conduction
band potential. Transconductance is further reduced by gradients
in the quasi-Fermi level in the EB space-charge region and by
modulation of the heterointerface energy barrier by the applied
bias.

Index Terms—Double-heterojunction bipolar transistor

(DHBT), InGaAs, InP, scaling, transconductance.

I. INTRODUCTION

ERAHERTZ (THz)-bandwidth double-heterojunction
bipolar transistors (DHBTSs) have potential application in
0.3- to 1.0-THz integrated circuits (ICs) for imaging, sensing,
radio astronomy, and spectroscopy, in high-resolution 2- to
20-GHz mixed-signal ICs, and in 100- to 500-GHz digital logic
[1]-[3]. Heterojunction bipolar transistor (HBT) bandwidth
is increased by thinning the base and collector layers for
reduced transit times, as well as by reducing junction widths
and ohmic contact resistivities for reduced RC' charging times.
Because the collector-base capacitance per unit collector
junction area, i.e., Cp /A, increases as the collector depletion
layer is thinned, the transconductance per unit emitter area
9gm/A. must increase in proportion to the square of transistor
bandwidth to reduce C;/g,, charging time. At moderate
applied base—emitter voltage V;., electron density in the base
and at the emitter—base (EB) heterojunction is nondegenerate;
hence, current density Jg x exp(¢Vi/NKT) exponentially
varies with V., and the transconductance per unit emitter
area g, /A. = ¢Jg/NKT is consequently proportional to Jg.
Jg must therefore vary in proportion to the square of HBT
bandwidth [3]-[5] to obtain the desired scaling of g,,.
InP/InGaAs DHBTs studied here have abrupt EB junctions.
For these HBTS, g,, fails to increase in direct proportion to Jg
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Fig. 1. (a) Band diagram from electrostatic simulation of the InP/InGaAs

EB junction at two different applied Vi (6Vpe = 20 meV). (b) Magnified
E¢ profile at the EB junction showing 6Vp, , = 3 meV due to the barrier
modulation effect; 6 Vipjection = 17 meV.

at current densities greater than ~2 mA /um?. The degradation
in g, increases the C,/g., charging time and significantly
degrades the bandwidth of HBTs having f; approaching or
exceeding 500 GHz [6], [7].

We here analyze significant contributors to g, degrada-
tion in abrupt EB HBTSs, including modulation of the EB
electron injection barrier by applied bias V;., drops in the
electron quasi-Fermi level in the emitter space-charge region,
and quantum-mechanical reflection and degenerate electron
injection at the EB interface.

II. BARRIER MODULATION AND
QUASI-FERMI LEVEL DROP

Given finite base doping N4, applied Vi, modulates the
depletion region electrostatic potential on both the emitter and
base sides of the barrier. Increasing V. by V. in an HBT with
an abrupt EB junction, the barrier for electron injection into
the base is reduced by an amount dVipjection = 0 Vie — 0 Ve ps
where dVj. , is the modulation of the electrostatic potential
in the base (see Fig. 1). In contrast, in HBTs with graded EB
junctions, 6 Vipjection = 0 Vpe.

In addition, the electron flux has associated with it a drop

ABpm = / () -1(2)

Waep

-dx (1

in the electron quasi-Fermi level [4] across the emitter space-
charge region (see Fig. 2), where Wy, is the emitter space-
charge region width, p, is the electron mobility, and n(x)
is the electron charge density. AEy, increases with Jg for
both graded and abrupt EB junctions. Writing ¢Vipjection =
E¢, — E. at the EB junction, for an applied voltage 0V}, the
barrier for electron injection is dVinjection = 0Voe — Ve p —
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Fig. 2. (a) Band diagram from electrostatic simulation of the InP/InGaAs EB

junction. (b) Magnified E. and E's,, profile at the EB junction showing a drop
in quasi-Fermi level AFEy,, in the emitter space-charge region at high Jg.
Jg ~ 20 mA/um? was used for this simulation.

d(AE¢,)/q. Independent of the carrier statistics, the transcon-
ductance per unit emitter junction area is then reduced, i.e.,

gﬂ _ 8JE o a‘/injection aJE

Ae B aVEJe B 8%6 8Vinjection
(Ve 1 (AE) 05 .
B a%e q aVbe 8Vvinjection .

Given a 15-nm (Wgep)-thick InP emitter doped at 2 X
10'® cm—3 capped above by 5 x 101 cm~3 doped n* InP, and
a pT InGaAs base doped at 9 x 10'® cm™2 [8], both n(z) and
OVipe,p/OVie are found by numerical simulation of the junction
using a self-consistent Poisson/Fermi—Dirac algorithm [9]. Jg
is then determined from E',, at the InP/InGaAs interface using
the methods described in Section III. AF tn 1s finally computed
from (1). At an applied V;. such that Jg =20 mA/um?,
we find OV, /OVie = 0.17, O(AE¢,/q)/0Vie = 0.05, and
8‘/imjection/8‘/376 =0.78.

III. DEGENERATE INJECTION AND
QUANTUM—-MECHANICAL REFLECTION

A. Degenerate Injection

At ~10-35 mA/um? current densities necessary for 0.5-
to 1-THz f, [3], electron Fermi level E, must approach
conduction band energy E. at the InP/InGaAs interface. The
electron thermal statistics can then no longer be approximated
by a Boltzmann distribution, and Jg no longer exponentially
varies with Ey,, [3]. Instead, the emitter current density is
computed from the Fermi—Dirac distribution [3], [10], [11], i.e.,

qm* E

TE = 2o J T+exp (B = (Byn = Eo)) [kpT)

dE  (3)

where q is the electron charge, m* is the electron effective mass,
kp is the Boltzmann’s constant, and Ef. = Ef, — E. is the
Fermi level above the conduction band edge at the InP/InGaAs
heterointerface. Equation (3) assumes a parabolic conduction
band.

Fig. 3 compares Jg and g, per unit junction area (g,, /Arp =
0Jg/0Vie) for an InP emitter with Vie = Vipjection and for
Fermi-Dirac and Boltzmann statistics at 7' = 300 K. At Jg =
30 mA/um?, degenerate electron statistics reduce g,, 1.7:1
relative to the nondegenerate case. Under degenerate injection,
Jr no longer varies as exp(qVinjection/NET), and g,, no
longer varies as ¢/ /NkT. Indeed, defining ¢ as the applied
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Fig.3. (a) Calculated Jg as a function of Fermi level Et,, position relative to

conduction band edge E. for the InP emitter for the Boltzmann approximation,
Fermi—Dirac distribution function, and highly degenerate injection (7' = 0 K
or ¢(Vye — ¢) > kT). (b) Computed gy, as a function of Jp.

Vpe at which Ey,, = E.(Zparrier), for highly degenerate in-
jection such that (Vpe — @) > kT/q or for T =0 K, Jg =
@®m* (Ve — ¢)? /47203 [see Fig. 3(a)]; current varies in pro-
portion to the square of applied Vj.

B. Quantum—Mechanical Reflection

Even given an electron Fermi level Ey, above conduction
band barrier E.(Zparrier), some fraction of the electron flux
incident from the emitter is reflected at the InP/InGaAs in-
terface [12]. This is a consequence of the abrupt change in
both m* and E¢. Ignoring the small additional electron wave
reflection by the potential gradient within the InP emitter space-
charge region, the electron transmission coefficient T'(E.) at
the InP/InGaAs interface is

4(my fma) 2B} B

Efen + (m1/ma)Ey +2(my /mg)l/zE;fxEtl/ 2
4)

where mq = 0.08 - mg is the effective electron mass in the
InP emitter, mo = 0.04 - mg is the effective mass in the In-
GaAsbase, B, = E, + Eyep + Efey.(1 — mi/ms), Ep isthe
height of the barrier, and Ey., and Ey.,. are the x and
yz-components of the total electron kinetic energy above the
barrier at the InP/InGaAs interface, respectively [see Fig. 4(a)].
The calculated T'(Ey.) for E¢.,. = 0 is shown in Fig. 4(b).
Jg is now given by the following relationship [10]:

T(Efe)

1

JE = //2(] 'g(E:chyz) . fFD(E'J:;Eyz)
v(Ey) - T(Ey, Ey.)dE; dE,, (5)

where g(E,, E,.) is the density of states, frp(E,, Ey.) is the
Fermi-Dirac distribution function, and v(E,) is the electron
velocity. Neglecting tunneling, we have assumed T'(E,, E,.)
to be zero for incident energy values below the barrier [10].

C. Correlation With Experimental Data

We now compare (see Fig. 5) the computed variation of
9gm/Ag with Jg for all considered effects that degrade g¢,,.
For clarity in presentation, the curves in Fig. 5 assume zero
extrinsic emitter resistance R, zero base access resistance
Ry, and infinite dc current gain 8. At Jg ~ 30 mA/ um?2,
there is more than a 2:1 reduction in g,, compared with the
Boltzmann approximation. In [3] and [13], the deviation from
Boltzmann statistics was modeled as a current-independent
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Fig. 4. (a) Energy band diagram for computing transmission coefficient

T(Ey.) over EB energy barrier Ej,. (b) T'(Ey.) as a function of energy E .
above the barrier for E¢. , . = 0 at the InP/InGaAs interface.

12T Boltzmann
&E“ 08l Fermi Dirac
E FD+QM
L2
oS 0.4}
FD+QM+BM+QF
o I

0 5 10 15 20 25 30 35
Jg (mA/jum?)

Fig. 5. gm as afunction of Jg at 300 K, including all possible effects causing
gm degradation. FD, Fermi-Dirac; QM, quantum—mechanical reflection; BM,
barrier modulation effect; QF, quasi-Fermi level drop.

equivalent series resistance; this model fails to fit well the HBT
characteristics for Jg exceeding 10 mA /um?.

Fig. 6 compares the variation of g,,/Ag with Jg com-
puted from theory with that determined from bias-dependent
100-MHz to 2-GHz Y -parameter measurements using an Ag-
ilent E8361A network analyzer. The measured curves are for
HBTs on the same wafer with Ly = 3.5 um and Wg = 120,
180, 220 and 270 nm. The calculated g,,, curves include Rex =
3Q - pum? and Ry, /B = 1 Q- um?. A curve for the Boltzmann
approximation, including the effects of R.y and Ry, /[, has
also been included in Fig. 6. Experimental values for Ry
are obtained from transmission-line method measurements of
metal/InGaAs and InGaAs/InP interfaces on separate wafers,
and Ry, is estimated from S-parameter and § from dc mea-
surements. To include the effect of device self-heating, thermal
resistance Ry, = 5.1 K/mW was calculated using the method
in [14] for V., = 0.7 V. The device junction temperature rise
calculated from Tjyne = Tamb + Ren - Ie - Vee at each Jg was
then incorporated in (5) to compute Jg and g,,. The discrep-
ancy at low Jg could result from neglecting tunneling through
the barrier. It is to be noted from the data in Figs. 5 and 6 that
measured g, is dominated by extrinsic resistances.

IV. CONCLUSION

We have explored various effects degrading HBT g, at
high Jg. Barrier modulation and quasi-Fermi level drop due to
the EB space-charge region can be reduced through increased
doping in the emitter and base regions and through thinner
emitter depletion layers. Quantum—mechanical reflection can
be reduced by grading the EB heterojunction. To avoid g, re-
duction from electron degeneracy, emitter semiconductors with
increased density of states must be identified and employed.
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Fig. 6. Measured and calculated (FD, Fermi-Dirac; BZ, Boltzmann) g, of
different HBTs as a function of Jg, including the effects of Rex, Rpp, 3,
and device self-heating. The calculated g,, FD curve also includes the effects
in Fig. 5.
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