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Theoretical Model for Heterojunction
Phototransistor in Optoelectronic Switch Configurations
Part I: Optical Gain Characteristics
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Abslract

This paper presents a comprehensive analysis for the performance of
heterojuncton bipolar phototransistor (HIPT) as an essential element for optoclectronic
switch configurations. The theory of operation of the (HPT) is reviewed. Analytical
expressions are drived for transistor current components, optical gain Guy, and DC
current gain in common —emitter configuration hyg The analysis enables one to study
the influence of various structure parameters and incident optical power on the optical
gain characteristics of the (HFT). Simulation results are presented for a L3 pm

Ingsy Gagg As/InP structure.
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1. Introduction

The heterojunction bipolar
phototransistors (HPTs) have attracted a
great deal of interest as an alternative to
avalanche photodetectors. The HPTs can
provide large optical gain without excess
noise  that  characterizes = avalanche
photodectors [1]. Furthermore, HPTs have
proven to be suitable for vertical
integration with other components [2]. The
tegration of HPTs and vertical cavily
surface-emitting lasers (VCSELs)
represents a promising two—dimentional
approach to high- throughput optical data
processing and optical switching networks
(3, 4].

The  potential advantages of
heterojunction transistors include [5-8] ;

i. Higher emitter efficiency, since holes
(in N- p- n structure) following from
base to emitter are blocked by the
higher barrier in the valence band.

ii. Decreased base resistance, since the
base can be heavily doped without
sacrificing emitter efficiency.

Dicrease utier cumenl :._
because of a low voltage along the
emitter junction.

iv. Improved frequency response because
of higher current gain and a lower base
resistance.

v. The quantum efficiency in the
hetrojunction photodetector  does not
critically depend on the distance of
junction from the surface, because a
large-bandgap malerial can be used as a
window for the transmission of optical
power.

vi. The heterojunction can provide unique
material combinations so that the

45

quantum  efficiency and speed of
response can be optimized for a given
optical wavelength.

In this paper, the basic physical
structure and the theory of operation of
HPT will be discussed to identify the main
parameters aflecting its operation as an
optoelectronic  switch. The basic idea
behind the operation of HPT is briefly
described in Section 2. In Section 3, the
current relationships in the emitter, base,
and collector are calculated by solving the
diffusion equation. Section 4 shows the
dependence of optical gain on the current
gain  parameter hpz associated with
common - emitter configuration (CEC),
and Kroemer's factor y, the simulation
results, are presented in Section 5. The

main findings of the study are given
Section 6.

2. Principles of Operation of HPT

The basic structure of HPT and the
corresponding energy band are shown in
Figs. (la) and (1b), respectively. The HPT
differs from a convenital heterojunction
1" y|ar transistor by 1!".".511"_’ a lar
collector junction as the light - collecting
element and without any external
connection to the base ( floating base). The
device is in the form of emitter- up
configuration. The power incidents on the
device will pass through the wide - gap
emitter unattenuated and is absorbed in
subsequent base, and base- collector
depletion  regions. The absorbed light
generates  electron- hole pair in the two
layers, and the electrons that generated in
base layer move towards the collector
region. The photogenerated holes are
swepl into the base and are accumulated
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there due to a large potential barrier in the
valence band at heterointerface of emitter
junction. This leads to increase the forward
bias of emitter junction which causes a
large electron current to flow from the
emilter to the collector. A significant
amount of photocurrent gain, to maintain
the charge — neutrality condition in the
base, can be achieved by this process [8].

3. Current Equations in HPT

This section is devoted to derive
the main equations describing the current
components in the HPT. The analysis is
carried out under the following
assumptions, (i) The illumination is
uniformly incident over the frontal area of
the emitter layer in a direction
perpendicular to the junction planes. (ii)
The HPT is biased in a floating base
condition, and (ii1) The emitter junction is -
forward biased (V. > 0), while collector
junction reverse biased ( V. < 0 ), as shown
in Fig. (1b). The electron and hole currents
due Lo the diffusion of carries will be
calculated in the presence of light for the
emitter, base, and collector regions,

respectively

In the emitter layer, the distribution
of excess holes ( Pe (x) = pes ) in the steady
states condition can be obtained by solving
the continuity equation [5].

IR =p) B-py
Cdx

+ U exp(-a x)=0
(D)

where the subscripl e is used to denote the

emitter. Further

D, =

carriers.

Diffusion constant of minority
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1. = Life time of minority carriers.

Pea = Equilibrium hole concentration in the
emitter.

ae = Absorption constant of light.

In eqn.l, Ueis the generation rate of
holes caused by incident power and itis
equal to [5]
Ue=a; 1 Do .(2)
where 1. is the quantum efficiency in the
emitter, and W, is the incident light flux at
the emitter surface, The second term of
eqn. | represents the recombination rate of
carriers in the emitter region.

The boundary conditions for the
emilter layer are [5]

d(P, -p,.)

D, =——"=l_g (P -p,) atx=0
dx
...(3a)
(P“.H p”}z pﬁ[exp{‘u":f‘v’T]—l) atx =W,
...(3b)

where V. is the emitter junction voltage,
Vr is the voltage - equivalent of
temperature, W, is thickness of emitter, S,
is the surface recombination velocity at the
emitter surface.

The flowing
emitter junction is computed from [5],

hele current into

t,_,=e;m,ﬂi3_-':"f‘-‘}1 .(4)

dx A
where ( is the electron charge, and A is the
cross section- area of the transistor.
Using eqns. 1- 4 yields:

L =1, [exp(v, /v, )-1]-1, F, :::(5)
where
D H2
1, =qA—= —= lexp(-
LY AR W
...(Ga)

1 [S.L
—-—— <l
HI[ D, ]
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..(6b)

W
S.L, sinh L/ +cosh| — | ...(7a)
D¢ Lt L\"

HZ = slnh[EJ -+ EJin:.:l::»sh(i] ...{7b)
L D, g

AR

=
Il

Fl= ATc
DJI - -:r.fL::i A
Here, L. is the diffusion length of the

minority carriers in the emitter.

B =)

In the neutral base region the
diffusion equation for the electrons reads
[5]

p, LM —ny) (Ny-n,)
dx T, «+:(8)
+ U, exp(~-o,x)=0

where

UI! = ulﬂlnh{:,u Exp{_ur w:} "'(g)
The boundary conditions in the base layer
are

(N, - “hu)= "m[“l’-'{vd’v'r]" 1)

at x = We ...(10a)
(N, =0y, )= 0y, (expl(V, /V)-1)
at x = We + W, ...(10b)

where Ve is the reverse bias of the collector
junction voliage.

The electron current following into

the emitter junction ljp. computed from

5]
L =qaD, I =)
dx

Using eqns. 8-11 yields:

oA LT)

I;.—“'a-

ﬁmdnﬁ.{mwm)-t{ .

n..,{mpw.wﬂ-ums{%} |

]

u“Ls'm]{%]]}

where

e =qA

..(12)

LU,

Db]l—u:L:h)

All the symbols in eqns. 8-13 have
usual meanings. Notice that the
subscript b is used to describe the
parameters in the base region.

Following the same approach, the
electron current flowing into the collector
junction is calculated from [5]

F3 = .(13)

their

Inh: =qA_th{N_"_r1'.‘_"._.}.i

..(14
™ (14)

=W, P W

ke =QE_."(_W,,] (n,..(expv./V,)-1)
L, sinif —

h

: ms{%]—nh{expm IV,)- l}sinl[%)+
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F{(l—exp(—ahwh )}cnsl[%’"—]

«.{15)
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3.3 Collector Region
In the collector region the diffusion

equation for holes reads [5]
¢iP-p) =D,

dx T, ..(16)

U, exp(-a, (x-W,)) =0
where the subscript ¢ denotes the collector
region and [5]
U, =na b, mtp(- (u.W, + u,,W,,]}

L))

D

There aretwo boundary conditions
to be satisfied here. At the collector surface

we have, surface recombination with
recombination velocity S,
D, M = --SL‘{F't 'I]...:' .

dx

at x=W.+ W, +W, ...(18a)
Eqn.18a  states that back surface

recombination takes place at the collector
surface,
At the depletion edge x = W, + Wy + W),
the excess carrier density is
P, =Pe = Pu(exp(V./V;)-1)
atx=Ww,+ W, +Wp ..[18b)

where Wy, is the depletion region of base —

f rregion
The hole current flowing into
collector junction is computed from

d(P. -p..)
1_ = qAD, S5 —Pa)

=W, e W W,
dx

.(19)
Using eqns. 16- 19 yields:

D E2
|l =gA—|F4] ——a L, +
= qL( El o

1 =9 .
ET[“CL‘ —“55:"]“? T (W, - W) ]-
E2

EF’m(“P{VJVr]—l] ]

where

.(20)
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w W
El = sinh[-‘—“] +
L:

...(Z21a)
SL W, -W,,
tLtcoshl ———
D, L,
W -W
El= msh[-—JL—”J "
‘ (21b)
S L. W, -W,
sinh S
D, L,
2
F4 Lels ..(21c)

"D (-ulll)
Eqn. 20 can be simplilied for the special
case when We == Le == W,
D
. = qA—=\F4(l ~acl,,
=1q L, ( ) ...(22)
- l:lm [cxp{vr ‘f'\u'_._}_ 1]

". DE[it “1 Gﬂill anl

In this section, the optical gain of a
HPT is calculated using transistor current
equations given in the previous section.
The DC current gain hyy. in the common -
emitter - configuration (CEC) is also
calculated, and the relation between Goy
and hpg is obtained.

The total current 1y is constant through
the device and hence [see Fig. 1b].

...(23)

Using the expression of 1. and Ly,
derived in  section 3, the following
expression can be obtained for |4

Iy = 1?,[{c.~;p(v¢ IV )=1)+ caslt[%]] +

b

=1, =1, =L, -1,

li]n(?l - }rl} = ]||-|r

i . (24)
'}’t

L
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D.n
l,, =qA L "“w ...(25a)
L, sinh[—"]
L,
y =th‘buh11bexp{_a‘:w¢}
(l nu:L:)sinh(—-"
1]
[I — explo, W, Kcosh EJLJ +
Lh
(@,L.)sinh [‘W‘D _@sh)
Lh
D
¥, =qA L‘ F4(l-o L.) ...{25¢)

D
L. = qﬁ.L—‘ P (exp(V. / Vi) —=1) ...(25d)

The increase of It due to P, can be
evaluated from eqn. 24 as follows

Al =1, Ale% " [ (y3-y2)0, ...(26)

where Alexp(VJ/V1)] is related to the
increase of the forward bias at the emitter
junction due to the presence of ¥, and can
be evaluated from eqn. 24.

Ty t s
AlexplV. 1V, )|= Dely2=y3-1m, Fl -y4)

l,,(msh[ 1”-'3}—1“,]

| @7
where; -
yd= qﬂ—qh :l (Eb}[cusﬁ“a%}
exi-o W) ~{ahth}sin{%]]

The optical gain is defined as Aly
fqA ¥, and can be calculated using eqns.
26- 28.

.(28)
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fornfoufz) ) e
({-=(2))

lI-{I-

¥
W,
H, sinh| -
L’h

Notice that G 15 independent on
received optical power which is an
expected result since no saturation effects
are included in the analysis. The factor y,
originally derived by Kroemer, is the ratio
of injected electron to injected hole current
at the emitter — base heterojunction. It
depends on the
diffusitivty, diffusion

T

.. (29)
where;

...(30a)

minority  carriers

length, minority
carriers density, and conduction — and
valence — band densities of states (N, and
Ny) in the emitter and base as well as
A Eg, and is given by [7]

D,L.N, Y N,N :
T“ = ™ s g wh wh cxp[ 'ﬁ'ELI
DthNﬂh Nll: N'h' KT

.. (30b)

where Npe is the donor concentration in
emitter, Nu, is the accepter concentration
in the base, and AE;, =E, -

Eg. (Eg) is the bandgap energy for the
emitter (base).

E,., where

The curremt gain a for a common -
configuration in the absence of
illumination can be computed by setting @,
= Oineqn. 5. The terminal current through

base
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the emitter junction is given by
1= (.lme —1, J|¢_ =0-
The parameter a is computed from

=%, Ys L (31)
where . is the emitter junction efficiency,
and vy, the base transport factor [6].

l.nht
= L,

W, :
[mh[ :} (exp(V. IV, )- |}}
[1 " {cush(-?}[exp(\f‘ IV )= I]]

)

I
y, =

I,
g{smsu{%}upw.m}—m)

((exp(v, IV )-D,, +1, msi{%n+ ey

...(33)

For a commaon = emitter configuration [6]

by, =—Yo¥e ..(34)
1= Tb‘rl

Using the expression of y.and y,
given above and assuming Ve == Vo, one

can arrive to the following expression to
describe hyy:.

=
H2

Using eqn. 29 and eqn. 35, one can get:
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G, =%‘ﬁ{th -v.xm.n[%] =+ +3.-,]._L__|.“ ‘:;i;‘f )

...(36)
It is interesting to examine eqgn. 35
for the following special cases

n'inh[ i ]

™

By :mmm[“’-‘ ] -1)
1, i

then eqn. 35 becomes
ho =y ...(37b)

I.:l :f T. =% {3?!}

5. Simulation Results

Simulation results are presented for
a 1.3 pm Ingsy Gagas As/lnP HPT using the
parameter values listed in Table 1.

Figure 2 shows the dependence of
hge on base width W, for three different
values ol the minority carriers diffusion
length Ly =08, 1.6 and 2.4 pm_ hyg greater
than 1000 may be obtained by controlling
the values of base width and the doping
concentration in the base.

Figures 3 and 4  depict,
respectively, the vanation of hg and
optical gain Guu on Kroemer's factor y, for
two values of base width, Wb = 90 nm and
50 nm. Notice that both hyy and G,y are
increasing functions of y, and they increase
when the base width reduces. However,
increasing vy. beyond 1000 (100) has
almost a negligible efTect on hye and G
when Wy = 50 nm (90 nim). Notice further
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that reducing Wb from 90 nm to 50 nm
will enhance hgg (and hence Gou) by
approximately 4 times when y, == 100.
6. Conclusion

Analytical expressions for current
components have been derived for a
heterojuction phototransistor ~ (HPT).
Optical gain Gy and DC current gain hyy
under operating  conditions
Simulation results presented fora 1.3 pm
In Ga As/InP HPT reveal that hy: greater
than- 1000 can obtained. Further, reducing
the base width from 90 nm to 50 nm will
enhance both hgg and Gou by
approximately four times when the
Kroemer f:actnr To== 100,

Various

Table | Parameters for the n,,Gu, A5 - InP
used in the simulation.

Emitter Base Collector
Eq=135eV E=075eV E.=0.75¢V
D~ 5.6 em’/s Dy= 300 ci’/s MNpe= 10'% em?
ND.= 10%em’ Ny=2x10"em™ W= 3 um
»

m_, =008 m, W,=005um L= 1.1 jn
mg =064 m, Ly= 0.9 pm ne= 10" em™
Ee™12.4 m, = 0.4 m, v,= 10" co/s
my, = .44 my, .= 10" cm”
oy, = 10" ™
n, = 10" em”
A=5x 10 um’
c,™ 24 [F
c, = 450 IF
n=0.7
Vi= KTl = 26
my
Notes:

n; = Intrinsic concentration
&r = Relative dielectric constant.
m, = Free - electron mass.
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Fig.1 Hetergjunction phototransistor HPT. (a) Physical structure and

(b) Energy-Band diagram, and current components.
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Fig. (2)- DC current gain hy: versus base width W, and taking Ly, as an

independent parameler.
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Fig. (3)- DC current gain hyg

W, as an independent parameter.
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