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ABSTRACT

A new model for the HBT has been developed which
solves for the electrical and photogenerated currents in
base, emitter and collector. The model accounts for the
discontinuity in quasi-fermi level by defining an ef-
fective carrier interface velocity. Experimental and
theoretical curves relating to the device behavior are
presented and compared.

INTRODUCTION

The utilization of three-terminal microwave devices for
photodetection received increasing attention in the past
few years. Combining detection and amplification in
the same device results in considerable simplification
of the receiver design. The first microwave devices
investigated as photodetectors were MESFETS [1,3]
and HEMTs [2]. This voltage controlled devices
yielded high optical gain, orders of magnitude above p-
i-n diodes, but poor frequency response. The main
photodetection mechanism in these devices is the
photovoltaic effect, identified by Madjar et al. [4] ,

Papaionannou et al [5] and Paolella et al. [6], in which
a primary photocurrent generates a photovoltage that
controls the transport of the thermal carriers. The gain
is high, but the process is inherently slow. The
heterojunction bipolar transistor (HBT) is a current-
controlled-cttrrent-source, where the photogenerated
carriers contribute directly to the total photocurrent.
This makes the device intrinsically faster than its
unipolar counterparts. Also, recent studiesby
Chandrasekhar [7] show that an active base terrninid in
fact enhances the performance in terms of both gain and
frequency response over the floating base configura-
tion, which is the case of the phototransistors. Further-
more HBTs provide for integrability (vertical devices);
handle high current densities (10GA/cmz),need low bias

voltages and a single power supply, thus reduced power
consumption and simpler receiver design.

In this paper we propose a comprehensive, rigor-
ous analytical solution for the device currents, with and
without illumination, based on the concept of an ef-
fective carrier transport velocity across the
heterojunction. The problem is formulated in terms of
the continuity equation in the three regions of the
device. The suitable boundary conditions are deter-
mined and analytical expressions for dark and
photocurrents are derived. Two different types of HBTs,
self-aligned (SA) and non self-aligned, are analysed
and their photoresponse discussed. Finally, frequency
response measurement is presented.

THEORETICAL MODEL

The theoretical problem is formulated in terms of
the transport equation for the three regions (emitter,
base, collector) of the device:

d2&ti(x) hi(x)
dxz

-~+ pitXi(l.)@3X~(-q(L)X) = O

(1)

where Di is the diffusion coefficient,, bni is the excess
carrier concentration (electrons or holes) and ~i is the
recombination lifetime, the index i refers to each spe-
cific region: emitter (e),base (b) and collector (c). The
last term of Eq. 1 is a result of the optical generation
cariers, assumed to be zero in the large band-gap emitter
region, a,(l) is the absorption coefficient, $0 is the
photon flux and the constant y, is proportional to the
quantum efficiency in region i. The Hansport equation
is valid for neutral regions (zero E-field), shown in Fig.
1. The depletion region boundaries are determined by
Poisson’s equation.

To account for the effects introduced by the spike
in the conduction band at the base-emitter junction, we
use the approach of Parikh et al. [8], which defines an
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effective interface velocity for the carriers. It intro-
duces a correction term to the boundary value:

n(xpe) = n(x.e)ex~(-qvbi+AE#kT] -~

(2)
where FF~ is the electron flux and S~~is the effective
velocity across the junction.
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Fig. 1: Typical energy band diagram for a n-p-n
single-heterojunction bipolar transistor (S-HBT)

The total current density across a junction, J~(k=e,c), is
comprised of the minority carrier currents (Jn and Jp)
at the edges of the depletion region and the generation-
recombination current within the space charge region,
J

G-R:

Jk = Jp(xne) + Jn(xpe)+ JG-R (3)

Which gives a total collector current density of:

Jc = Jgb+ Jncb+ Jgc+ Jpbc+ JG-R (4)

where the components are described as :

Jgb= -@@&Fbe-%xw = photogenerated current

in the base,

J.C’J=*”’H+’I =‘n’ected
T

electron current from collector to base,

J
(w~ CXnc[c”sw+’l

-@cKcF3 ~
gc=

Lcsin t&
c

= photocurrent in the collector,

Jpbc=qDcPnc

{)

Wc
= injected hole current from base

Lctan —
Lc

to collector,

\

xn.

JG-R= q G(x)dx = qqc$~l - exp(ctcW~d)]

Xw
= photogenerated current in the depletion region.

In the limit when the photon flux approaches
zero Jgb ,Jgc and J~-~vanish, and the expressions re-
duce to the well-known “dark” solution. The
photogenerated current in the base-collector space
charge region is the dominant component in the
photoresponse. The different parameters appearing in
these equations are defined in Appendix A.

Since the carrier densities and solution of the
Poisson eq. are explicit functions of the bias voltages,
by appropriate substitution, the DC characteristics of
the device may be obtained. The results and compari-
sons with experimental data are shown next.

THEORETICAL AND EXPERIMENTAL
RESULTS

The device under test, developed at the Research
Triangle Institute, comprises of a 5000~ GaAs
subcollector doped at 2x1018 cm-3, 5000~ GaAs col-
lector doped at 1.5x101Gcm-3, 800~ GaAs base doped
at 2x1019, 300~ AlGaAs emitter doped at 6x1017 cm-3
with 2770 of Al, 400~ AIGaAs to GaAs graded doped
at 2x 1018cm-3and 2500~ GaAs cap layer doped at
2X101Qcm-3.Two types of HBTs were fabricated on the
same wafer: self-aligned (SA) and non self-aligned
(non-SA) transistors. The non-SA device allows for
light absorption in the emitter cap layer. Light from a
semiconductor laser at 850nm was injected perpen-
dicularly to the HBT. The DC input and output charac-
teristics were obtained using a semiconductor param-
eter analyser. In Fig. 2, collector current as a function of
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base-emitter voltage is shown for both light and “dark”
cases. The solid lines represent theoretical results based
on the model derived above.
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Figure 2- Gummel plots (1c vs. Vbe) with and with-
out illumination. Solid lines show theoretical results

and dots show experimental values.

Good agreement is noted between experimental
and theoretical curves for moderate bias conditions.
The discrepancy at higher bias voltages (Vbe>l .2!V)is
due to high injection, not included in the present model.
For lower bias the curves diverge because of the non-
ideal characteristics of the junctions. Figures 3 and 4
show output characteristics of the SA and non-SA
devices respectively, under light and dark conditions.

In the SA device the photoresponse follows the
profile of the dark curves for all bias points. The nom-SA
device yields negative photoresponse at low biases.The
migration of photogenerated holes at the emitter cap
layer back to the base region creates a reverse current
which decreases the total collector current. As the
collector potential is incresed this current becomes
negligible with respect to the total collector current.

Although some light get absorbed in the cap layer
of the non-SA device a small portion of it still ccmtrib-
utes to the generation of carriers in the base-collector
junction which results in a larger photocurrent when
compared to the SA device. The output characteristics
do not suggest a photovoltaic behavior, which is the
dominant process in the MESFET and in HEMTs,
because there is no shift in turn-on or saturation voltage
with illumination [9]. Therefore the photoresponse of
HBT is expected to have a larger bandwidth. Experi-

mental results confirm this prediction, as shown in
Figure 5.
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Figure 3 -DCcharacteristics for S.A device. Squares
show dark response and circles show photoresponse

at 1mW optical power.
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Figure 4 -DCcharacteristics for non- SA device.
Squares show dark response and circles show

photoresponse at lmW optical power.

The HBT presents a bandwidth in excess of 10
GHz. The current measurements were limited by the
frequency response of the laser. The low gain in the
microwave link can be largely improved through better
optical coupling.
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transistor and GaAs MESFET”, IEEE Trans.on MTT,
VO1.MTT-35,No.12, Dec.1987, p.1444
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Figure 5, Photoresponse as a function of frequency,

CONCLUSIONS

Anew analytical model for heterojunction bipo-
lar transistors under illumination was presented. Good
agreement between experiment and theory was ob-
served within the ideal regions of the junctions. Self-
aligned devices revealed negative photoresponse at low
biases due to reverse hole current from emitter to
base. The results suggest no photovoltaic behavior
which implies a faster optical response at the expense
of gain.
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