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Analytical Modeling of the Spectral Response
of Heterojunction Phototransistors

Hassan A. Khan and Ali A. Rezazadeh

Abstract—Spectral response model for heterojunction photo-
transistors (HPTs) is developed from resolution of continuity
equations that govern the excess optically generated minority-
carrier variation in the active layers of the HPT taking into
account the related physical parameters. Realistic boundary
conditions have been considered for efficient device operation,
and a detailed optical-power absorption profile is constructed for
accurate device modeling. The analysis is performed for
GaAs-based HPTs, and the measured results at 635, 780, and
850 nm show a good agreement with theoretical calculations.
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I. INTRODUCTION

PECTRAL response (SR) is a key performance parameter
of heterojunction phototransistors (HPTs) and is critical in
their usage in optical applications. The performance of HPTs
is supported by their internal current gain (not present in p-i-n
or Schottky photodiodes) [1]. Additionally, unlike avalanche
photodiodes, HPTs do not suffer from the excessive noise due
to an avalanche process [2]. These advantages, along with
their process and layer compatibility to heterojunction bipolar
transistors, make them highly attractive in the manufacture of
monolithic integrated single-chip optical receivers [3], [4].
Modeling of SR for photodiodes has been extensively re-
ported [5]-[7]. In contrast, analytical modeling of the SR for
HPTs is rather limited. Chand et al. [8] formulated expressions
for flux-dependent collector current, but the boundary condi-
tions chosen for the resolution of continuity equations have
been taken from those of p-i-n photodiodes which are highly
implausible for efficient operation of HPTs, and no comparison
has been made with measured data. Several other attempts at
modeling SR require prior knowledge of the device electrical
characteristics, such as current gain [9], [10]. In this letter,
we have developed the necessary analytical expressions for
spectral responsivity of HPTs, and these are compared with the
measured results. To the best of our knowledge, this is the first
time that such theoretical model, along with a comparison with
experimental results, has been reported for HPTs.
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Fig. 1. Schematic device structure of the Alg.3Gag.7As/GaAs HPT showing

the incident radiation on the base region.
II. SR MODELING

The SR model is based on formulation of semiconductor
continuity equations with suitable boundary conditions at the
junctions of active device layers. The SR modeling must take
into account all of the related device physical parameters. The
effect of doping on absorption coefficient at near bandgap
wavelengths has been taken into account along with the subtle
variations of refractive index caused by the changes in inci-
dent photon energies [11], [12]. Auger, radiative, and surface
recombinations have also been incorporated in the model. Large
circular-geometry (100 pm emitter diameter) HPTs have been
fabricated with the device structure shown in Fig. 1. Detailed
device fabrication and experimental setup can be found else-
where [9], [10].

The base surface of the device has been illuminated using an
optical fiber, and the incident optical flux is absorbed through
the optical window between emitter and subcollector contacts
of the device (Fig. 1). The steady-state continuity equations
governing the distribution of optically generated minority car-
riers for low-injection state in the base and subcollector regions
are given respectively by

d2n Ny — Npo

D, deP - (ny - vo) + dpap exp(—apz) =0 (1)
d2 n n — Fno

Dp de - (p Tpp ) + deae GXP(*Oécl’) =0 2)

where D,,(D,) and 7,,(7,) are diffusion coefficient and lifetime
for minority carrier electrons (holes), respectively, in pT-GaAs
base (n-GaAs subcollector). 1, (py,) and np6(pno) are the total
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and equilibrium electron (hole) density contributions, respec-
tively, in the base (subcollector) region. oy, . are the optical
absorption coefficients for the base and subcollector layers,
respectively. @, and ®c are the values of incident flux density
at the emitter-base (x =0) and collector—subcollector (z =
wy, + Waep) junctions, respectively. The boundary conditions
taken for the base region are modeled by

ﬂp(fczo):M:? 3)
np( = wy) = =2 exp(—apas) + Npo )

n

where @, is the incident flux density, 12y is the Fresnel reflec-
tion coefficient, and s,, is the surface-recombination velocity of
electrons in the pT-GaAs base. The surface recombination will
be higher at lower wavelengths as more carriers are generated
near the surface. Despite the widely different surface prepara-
tion and measurement techniques, the surface-recombination
data for GaAs follow the same general trend of proportion-
ality to bulk doping [13]. The recombination due to misfit
dislocations at heterostructure interfaces has been minimized
by grading the interface. Under these conditions and solving
the optically generated minority-carrier density in (1), we have
used Fick’s law to determine the total electron current at the
base—collector junction boundary, and this is given as

gD, AgB
L, sinh 7+

) {O%bi"l [oszn sinh (g:) exp(—apwp)

L(N)=—

Wy

o (1) 1]

+ny(z = 0)[cosh (va) exp(—apwyp) — 1} —|—npo}
)

where ¢ is the charge of electron, Agp is the E-B junction area,
and L,, = D,, 7, is the minority-electron diffusion length in the
base region. The current due to excess minority holes in the
subcollector region can be derived similarly as

quAC
Lysinh (1)

. {OE,CLC;)JZ)l [— 1+cosh <Z)C> exp(—a w,)

Ip()‘) -

P
+ sinh <w0> a.L, exp(—acwc)ach}
Ly
We
+ pu(x=0) {cosh (L) exp(—we) — 1} —|—pno} .
P

(6)

The optical-flux absorption in the depleted collector region
gives rise to photogenerated current (/) modeled by [8]

Wdep

Ipn(A) = — qAc / D gepudep €xp(—aaepx)dr  (7)
0

Iph()‘) = - qAC(I)dep [1 - eXp(_adepwdep)] (8)
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Fig. 2. Optical-flux absorption profile for the Alp.3Gag.7As/GaAs HPT at
various incident wavelengths for incident power of 100 pW.

TABLE 1
MATERIAL PARAMETERS USED FOR SIMULATION
Parameter Value (respectively) Reference
Dy, Dp 50, 4 [em®s™] [12]
Ty Tp 1x107, 1.2x10°  [s]  [14,15]

[15]
[13, 16]
[16]
[11,12]
[11,12]
[11,12]

L= (3D0) Ly=(5;Dp)' 2210 ,0.7x10° [em]
3x10*,~10° [ems]
2.2x107,8.8x107 [em”]
3.4x10%, 0.6x10* [em™]
3.4x10%0.9x10° [em™]
3.4x10%0.1x10° [em™]

Sn s Sp
Npo= niz/N As Npo= niz/N D
ap(635nm), 0p(850nm)
Odep(635nm),0dep(850nm)
0¢(635nm), 0,(850nm)

where P4, is the input optical-flux density at the edge of
B-C depletion region, auey, is the absorption coefficient in the
depletion region and A¢ is the area of depleted collector layer.
The responsivity R(\) is the ratio of photogenerated current to
the input optical power and is given by

LN + L,(A) + Ln(V)

R(N) =\ 9
( ) hC‘I)()(l —Rf) ( )

III. RESULTS AND DISCUSSION
Optical-flux  absorption profiles, modeled for the

Al 3Gag 7As/GaAs HPT at 500, 635, 780, and 850 nm,
are shown in Fig. 2. The values of the flux density, used
in (5) and (6), at the base and collector of the device can
be ascertained from this figure. At 850 nm, the absorption
rate in the base, B-C depletion region, and subcollector is
rather different due to the variation of absorption coefficient
with doping in these three layers. However, the absorption
coefficient is indifferent for the doping at 635 and 500 nm,
and this has been modeled by a single exponential [12]. At
780 nm, the response tends to shift from a single exponential
to layer-dependent absorption as the variation in absorption
coefficient is minute. A summary of the material parameters
used for simulation is given in Table I.

Modeled SR, using (8), along with the measured results
at 635, 780, and 850 nm are shown in Fig. 3. There is no
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Fig. 3. Measured and calculated SR of the Alg.3Gag.7As/GaAs HPT.

measured data at 500 nm due to unavailability of laser diode at
this wavelength at the time of measurement. The responsivity
maximizes at around 760 nm and tends to go down with
increasing wavelengths due to a drop in the absorption coeffi-
cient. The analytical model described here directly highlights
the critical device and material properties affecting the SR
of HTPs.

IV. CONCLUSION

Closed-form analytical expressions for the SR of HPTs have
been developed in this letter. Accurate boundary conditions,
based on excess minority-carrier continuity equations for
active regions of a phototransistor, have been described for the
theoretical model. In order to achieve accurate SR modeling,
variations in the absorption coefficient with change in the
bandgap (due to doping) should be incorporated in the optical-
power absorption profile. The analytical expressions and the
critical analysis of several important parameters for HPTs
presented here can be utilized for significant performance
enhancement through device optimization in photoreceivers
employing integrated circuits.
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