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We have obtained the expressions for the terminal currents in a heterojunction bipolar transistor
laser the base of which contains a quantum well (QW). The emitter-base junction is assumed to be
abrupt, leading to abrupt discontinuity in quasi-Fermi level at the interface. The expressions for the
terminal currents as a function of collector-emitter and base-emitter voltages are obtained from the
solution of the continuity equation. The current density in the QW located at an arbitrary position
in the base is related to the virtual state current density. The threshold current density in the QW is
calculated by using the expression for gain obtained from Fermi golden rule. The plot of collector
current (IC) versus collector-emitter voltage (VCE) for different values of base current shows the
usual transistor characteristics, i.e., a rising portion after a cut-in VCE, and then a saturation
behavior. The dc current gain remains constant. However, as the base current exceeds the
threshold, a stimulated recombination rate is added to the spontaneous recombination rate and the
plots of collector currents become closer for the same increase in base current. This current gain
compression is in agreement with the experimental observation. Our calculated values qualitatively
agree with other experimental findings; however some features like Early effect do not show up in
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4703926]
the calculation. V
I. INTRODUCTION

Transistor laser (TL) has the unique feature of working as
both an electronic and a photonic device. Basically it is a heterojunction bipolar transistor (HBT) in which the emitter and
collector terminals are used for electrical signal input and output, respectively. For sufficient injection of carriers into the
base, which incorporates a quantum well (QW), population
inversion occurs between the electron and hole subbands in
the QW. With the base current exceeding a threshold value,
the optical gain in the QW overcomes the sum of the material
and mirror losses, leading to the emission of coherent light in
a direction perpendicular to that of the current flow.
The first laser action from HBT was observed by Feng
and co-workers1,2 and to date, most of the experimental
reports on TL have come from their group. The workers have
mostly considered InGaP–GaAs–GaAs HBTs with InGaAs
QW in the base,1–3 in addition to other material combinations,4,5 and type II heterostructures6. They reported7 emission
at 1554 nm, the wavelength for fiber optic communication.
Electrical-optical signal mixing and multiplication using tunnel junctions were also reported.8 The authors studied in detail
modulation bandwidth9,10 and even reported resonance free
frequency response.11 They also reported analytical results on
the charge distribution in the base by using experimental I-V
characteristics and charge control model for transistors12 and
presented a microwave circuit model for the TL.13
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Analytical modeling of the heterojunction bipolar transistor laser (HBTL) has also been presented recently by different groups. Zhang and Leburton14 proposed an analytical
model by relying on the rate equations for both the carriers
and photons. To obtain the rate equations for the carrier
numbers in the QW, they introduced a capture coefficient
expressed in terms of the thickness of the base and the QW
and capture lifetime by the QW.
Faraji et al.15–17 solved the continuity equation in the
base in the presence of diffusion and recombination18 to
obtain the charge distribution. They used the concept of virtual state (VS) to relate the bulk carriers with the twodimensional (2D) carriers, as the recombination in the QW
occurs between the quantized energy levels in the QW. They
also considered capture of carriers by, as well as their escape
from, the QW. In their work, however, the QW was assumed
to be placed at the middle of the base region, whereas in
actual experiments the QWs are placed nearer to the basecollector junction.2,9,12,13 Further, the charge distribution
profile obtained in their work does not show a break at the
position of the QW in disagreement with the experimental
findings. A more general analytical model is proposed by
Basu et al.19,20 considering an arbitrary position of the QW
in the base region, gain in QW with 2D density-of-states,
Fermi’s “golden rule,” and broadening of states. In this
model, the value of threshold base current, light power output, and the charge carrier distribution profile agree satisfactorily with the results as given by Feng and co-workers.12,13
As TL is a transistor, its electrical input and output characteristics resemble those of a normal transistor. For example, in the common emitter (CE) mode of operation in the
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active region, the output characteristics consist of a family of
curves showing variation of collector current (IC) with
collector-emitter voltage (VCE) with base current IB as the
parameter. Such output characteristics have been obtained
by Feng et al. in a number of publications. A noteworthy feature of the characteristics is that the IC curves in the saturation region (or slightly rising part showing Early effect)
become congested once IB exceeds the threshold base current
IBth. In other words, the dc (also ac) gain reduces once IBth is
exceeded. This is called gain (b) compression. Unfortunately
however, none of the theories mentioned previously, including our own, which successfully explained a number of
experimental findings, are suitable to calculate the output
characteristics and demonstrate b-compression.
In view of this, we feel motivated to develop a more
general analytical model that can give terminal currents from
“contact to contact.” In this context, it is extremely necessary
to make a detailed study of transport across the heterointerface, which may be a graded gap or an abrupt type where the
general drift-diffusion expression is not valid due to the discontinuity in the quasi-Fermi levels (alternately termed as
imref in some publications, e.g., in Ref. 21) at the heterointerface. Grinberg and Luryi21 reported a detailed theory of
the minority carrier transport in HBT with a particular emphasis on the difference between the cases of abrupt and
graded emitter-base junctions and the role in the former case
of the quasi-Fermi level (imref) discontinuity at the interface. In this paper, we have considered an HBTL with abrupt
E-B junction with a QW placed in an arbitrary position in
the base region and developed the expressions for terminal
currents considering the concept of VS, as well as the discontinuity in the quasi-Fermi level at the abrupt emitter-base
junction. The nature of variation of the collector current is in
agreement with the experimental findings12,13 and shows
gain compression above the threshold base current.
The present paper is organized as follows: Sec. II gives
the detailed theory of discontinuity of the quasi-Fermi level
at the abrupt junction; in Sec. III the expressions for the terminal currents are developed. This section also outlines the
calculation of optical gain and threshold and the way to
include stimulated recombination. The method of calculation
is briefly outlined in Sec. IV. The calculated results are presented and discussed in light of experimental data in Sec V.
Section VI concludes our work.
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sufficiently larger than the characteristic scattering length
(lsc ¼ D=vT ), where D is the diffusion coefficient and vT is
the thermal velocity of the minority carriers.
The basic relationships used here are
ð c2
Jn dx
¼ eV
(1)
c1 ln
and
np ¼ n2i eeV=kT ;

(2)

where Jn is the electron current density, V is the applied bias,
l ¼ eD=kT is the electron mobility, n and p are the electron
and hole concentrations, ni is the intrinsic carrier concentration, c1 is the emitter contact and c2 is the auxiliary contact
deep in the base.
Although both Eqs. (1) and (2) do not implicitly rely on
the discontinuity of the quasi-Fermi level (imref), there is
indeed a discontinuity of the quasi-Fermi level Efn for electrons in the vicinity of the abrupt interface at the emitterbase junction.
Ð c the first integral will be a sum of
Ð eTherefore,
integrals as, c1 and þe2 excluding a small region, e, around
the junction interface in which a finite drop of quasi-Fermi
level variation, dEfn ¼ Efn ðþeÞ  Efn ðeÞ, occurs. The transport in this region is governed by thermionic emission.
The quasi-Fermi level Efn in a graded gap semiconductor is given by
Efn ¼ Ec þ kTlnðn=NC Þ;

(3a)

whereas the jump in the quasi-Fermi level at the abrupt interface is
!


ðEÞ
n þ NC
Jn eD=kT
dEfn ¼ D  kTln
¼ kTln 1  þ
; (3b)
ðBÞ
en vR
n N
C

where D is the conduction band discontinuity, nþ and n are
the electron concentrations in the base near the emitter

II. THEORY OF DISCONTINUITY OF QUASI-FERMI
LEVEL AT THE ABRUPT JUNCTION

The structure considered in this paper is an HBT with
higher bandgap n-type InGaP emitter (E) layer, p-type GaAs
base (B) layer with an InGaAs QW embedded in it and an
n-type GaAs collector (C) layer. In this structure, the emitterbase junction is taken to be abrupt, whereas the collector-base
junction is taken to be a graded one. The coordinate of the
position of the E-B junction is taken at x ¼ 0, W is the base
width and x1 is the coordinate of the center of the QW as
shown in Fig. 1.
The theory is developed following the method of
Grinberg and Luryi.21 Here the base width W is considered

FIG. 1. Schematic diagram of HBTL.
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ðEÞ

dEfn ¼ D  kTln

nþ NC

ðBÞ

n NC

!


Jn eD=kT
¼ kTln 1  þ
:
en vR


(9)

Here, we assume that strong forward and reverse biases are
applied to the emitter-base junction and the collector-base
junction, respectively, and therefore we may write to a good
approximation Jn  eDnþ =W, and from Eq. (9),


DeD=kT
;
dEfn ¼ kTln 1 þ
WvR

where W is the base width. If the simplest model of collisions
in the base is considered where scattering length lsc is independent of electron energy, then, D ¼ 4vR lsc =3. Thus, from
Eq. (10) we get

FIG. 2. Schematic of electron concentration profile.

junction and on the emitter side of the abrupt junction,
ðBÞ
ðEÞ
respectively, as shown in Fig. 2. NC and NC are the conduction band density of states in the emitter and base, respectively, in the vicinity of the discontinuity.
vR is the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Richardson velocity given by vR ¼ kT=2pm, with m as the
effective mass of electrons in the base. The conduction band
edge Ec ¼ eð/ þ vÞ results from the electrostatic potential
/ and the variable affinity v.
So the current relationship becomes
 
Jn
dð/ þ vÞ kT d
n
¼
þ
ln
:
eln
dx
e dx
NC

(4)

Now, integrating Eq. (4) over any region including the band
discontinuity (at x ¼ 0) and by excluding the infinitesimal
region e near the origin,
ð c2
c1

Jn dx
¼
eln

ð e
c1

Jn dx
þ
eln

ð c2

Jn dx
:
þe eln

(5)

c1

Jn dx
þ
ln

ðEÞ

ð c2

nþ NC
Jn dx
¼ eV  D þ kTln
ðBÞ
þe ln
n NC
¼ eV  dEfn



4lsc eD=kT
dEfn ¼ kTln 1 þ
:
3W

(11)

To obtain a more general solution, we consider a forward
biased n-p heterojunction with non-negligible base depletion
ðND  NA Þ. If we let nð0Þ ¼ nþ eed/=kT , where d/ is the
electrostatic potential drop on the base side of the junction
and is given by
d/ ¼

ð/0  VÞeE ND
;
eE ND þ eB NA

(12)

with /0 as the built-in-potential and eE and eB , the permittivities of emitter and base sides, respectively, then from
Eqs. (8) and (12), we get


DeðDed/Þ=kT
dEfn ¼ kTln 1 þ
:
(13)
WvR
If we now consider the recombination on the base with the
diffusion length of electrons in the base as LD , the discontinuity in the quasi-Fermi level becomes

Thus, substituting Eq. (4) into Eq. (5), we get
ð e

(10)

!
(6)

dEfn ¼ 1 þ

DeðDed/Þ=kT
:
LD vR tanhðW=LD Þ

(14)

with nþ pþ ½NC =NC ðn =nþ ÞeD=kT ¼ n2i eeV=kT and dEfn as
given in Eq. (3b).
The actual value of n =nþ will be determined from the
boundary conditions of the electronic flux as

Energy band diagram of the structure under bias is shown in
Fig. 3.

"
#

Jn
nþ D=kT
ðBÞ n
 ¼ vR N C
 ðBÞ e
ðEÞ
e
NC
NC

In our following calculations, as me ¼ 0:063m0 and
D ¼ 26 cm2 s1, the length D=vT is 5.6 nm, which is very
small compared to the base width 100 nm. Further, under
low level injection from the emitter to the base by thermionic
emission and tunneling, the carriers occupy energy levels
very close to the conduction band edge, so they thermalize.
In addition, the electric field in the base being very small, the
transport is almost dominated by diffusion.21
The time-independent continuity equation for diffusion
dominated transport is given by

ðBÞ

ðEÞ

(7)

or
ðEÞ

nþ NC

ðBÞ

n NC

¼1

Jn eD=kT
:
evR nþ

Using the previous equations we get

(8)

III. EVALUATION OF TERMINAL CURRENTS AND
OPTICAL GAIN
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eD
ðNvs  n0 Þ½sinhðz1 Þ
LD
eD ðnw  n0 Þcoshðz1 Þ
:
þ cothðz2 Þcoshðz1 Þ þ
LD
sinhðz2 Þ

JE ¼ Jvs coshðz1 Þ 

(18)

As the carriers entering the VS have two possibilities, falling
in the QW states or diffusing to the collector, the steady state
equation of the VS carrier concentration is given by
Jvs JQW Nvs
¼
þ
;
ed
ed
ss

(19)

where ss is the spontaneous lifetime of the carrier.
Again, the VS carriers are linked to the QW 2D carriers
by the relation
FIG. 3. Energy band diagram of HBTL under bias.

@ 2 n n  n0
;
¼
@x2
L2D

JQW
Nvs NQW
¼

;
ed
scap sesc

(15)

where ðn  n0 Þ is the excess electron density with n0 as the
initial electron density at equilibrium and LD is the diffusion
length.
The solution of the previous equation is as follows:

(20)

where scap is the carrier lifetime for the carriers falling from
the VS to the QW 2D states and sesc is the escape lifetime
from the QW 2D states to the VS. We have neglected the
escape phenomena of the carriers from the QW in our
following calculations.
Using the previous relations we can write the emitter
current from Eq. (18) as
JE ¼ ðA  BÞðNvs  n0 Þ þ Cðnw  n0 Þ;

n  n0 ¼ C1 ex=LD þ C2 ex=LD :
A. Emitter current

To evaluate the emitter current, the boundary conditions
are as follows. At x ¼ 0, eDð@=@xÞðn  n0 Þ ¼ JE ; x ¼ x1,
n  n0 ¼ Nvs  n0 ; and x ¼ W, n  n0 ¼ nw  n0 , where Nvs
is the VS carrier density and nðWÞ ¼ nw . Applying the
above-mentioned boundary conditions to Eq. (16), we obtain
the carrier concentration before and after the QW as
dN1 ðxÞ ¼

ðNvs  n0 Þ þ ðJE LD =eDÞez1 x=LD
e
2 coshðz1 Þ
þ

ðNvs  n0 Þ  ðJE LD =eDÞez1 x=LD
e
;
2 coshðz1 Þ

(17a)

where A ¼ eDð1=scap þ 1=ss Þcoshðz1 Þ, B ¼ ðeD=LD Þ½sinh
ðz1 Þ þ coshðz1 Þcothðz2 Þ, and C ¼ ðeD=LD Þ½coshðz1 Þ=sinh
ðz2 Þ.
Now, from the concept of discontinuity of quasi-Fermi
level, we know
nþ  n0 ¼ n0 ðeeV EB =kT  1Þ þ

JE eD=kT
;
evR

nw  n0 ¼ n0 ðeeV CB =kT  1Þ;
where VEB and VCB are the emitter-base and collector-base
voltages, respectively. Again ðnþ  n0 Þ can be related to
dN1 ðxÞ by the relation ð@=@xÞðdN1 Þjx¼0 ¼ nþ  n0 .
So finally, the emitter current comes out as
JE ¼ aFEB þ nFCB =ðc  b  rÞ;

dN2 ðxÞ ¼

ðnw  n0 Þe

þ

z1

 ðNvs  n0 Þe
2 sinhðz2 Þ

W=LD

(21)

(16)

ex=LD

ðNvs  n0 ÞeW=LD  ðnw  n0 Þez1 x=LD
e
; (17b)
2 sinhðz2 Þ

(22)

where FEB ¼ eeV EB =kT  1, FCB ¼ eeV CB =kT  1, a ¼ n0 cosh
ðx1 =LD Þ,
b ¼ ðeD=kT =evR Þcoshðx1 =LD Þ,
c ¼ 1=ðA  BÞ,
n ¼ Cn0 c, and r ¼ ðLD =eDÞsinhðz1 Þ.
B. Collector current

where z1 ¼ x1 =LD , z2 ¼ W  x1 =LD , and the corresponding
virtual current density is


@
@
Jvs ¼ eD
ðdN1 Þxþ  ðdN2 Þx :
1
1
@x
@x
From the previous three equations we obtain the expression
for emitter current as

In this case, the boundary conditions are
At x ¼ x1 , n  n0 ¼ Nvs  n0 , and at x ¼ W, eDð@=@xÞ
ðn  n0 Þ ¼ JC .
Applying the same procedure as explained previously,
the collector current is obtained as
JC ¼ gðNvs  n0 Þ þ JE ðNvs  n0 Þhk  Jvs coshðz2 Þ;

(23)
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where g ¼ ðeD=LD Þcoshðz2 Þ, h ¼ ðeD=LD Þsinhðz2 Þ, and
k ¼ coshðz2 Þ=coshðz1 Þ. Finally, the base current is calculated
using the following fundamental relation:
JB ¼ JE  JC :

(24)

s1 ¼ s1
S þ Cvg gN p ;

C. Optical gain

The relationship between threshold current density in
the QW and the threshold base current density with the VS
as the intermediary has been developed in our earlier publications.19,20 We give here the essential features. The expression for gain using k-conservation in 2D (kt and rt are,
respectively, the 2D wave vector and the position vector),
Fermi functions f and Lorentzian line shape function is19,22
X  c;n 2 ð 1


I 
 ^  pcv 2
gðhxÞ ¼ C0
dEt q2D
r e
h;m
0

n;m



c=ð2pÞ

Ec;n
h;m ðkt Þ

 hx

2

þ ðc=2Þ

2

½ fcn ðEt Þ  fvm ðEt Þ;

(25)

where
C0 ¼

and R1 and R2 are the respective reflectivities of the front and
the back mirrors.
The stimulated emission provides another recombination
channel in the QW. The overall effect is to replace the
recombination lifetime sS by an effective lifetime defined as
follows:

pq2
mr
;
; q2D
r ¼
2
nr ce0 m0 x
ph2 d

cn
Ihm
¼

ð1

1

dx/n ðxÞgm ðxÞ;

where q2D
r is the reduced density-of-states function for 2D
for quantized motion along the x-direction, d being the width
of the QW, I stands for the overlap of envelope functions for
electron (in the nth subband) and hole (in the mth subband),
hx is the photon energy, j^

e  pcv j2 is the momentum matrix
element for QWs, and c is the finite linewidth of the spectrum. In Eq. (25), c is the speed of light in free space, e0 is
the permittivity of free space, nr is the background refractive
index, and m0 is the free electron mass. The kinetic energy
for 2D free motion, Et , is considered to be zero for the band
edge transition. The Fermi occupation probabilities are
expressed in terms of quasi-Fermi levels Fc and Fv .
From the plots of gain or absorption spectra for various
injected carrier densities the values of maximum gain, the
value of a: the differential gain constant and of Ntr , the
transparency carrier density are obtained. Knowing the value
of current density at transparency via the relation
Jr ¼ qdN tr =ss , the threshold current density is obtained from
Jth ¼ Jtr þ ½qd=Cgass ½a þ ð1=2LÞlnð1=R1 R2 Þ, where C is
the optical confinement factor, g is the internal quantum efficiency, a is the loss coefficient, L is the length of the device,

(26)

where Np ¼ gðIB  IBth Þ=ðqvg am Þ per unit area. Here, g is the
internal quantum efficiency, vg is the group velocity, and am
is the mirror loss.
IV. CALCULATION METHODOLOGY

We considered the device dimensions and time constants as given by Feng et al.12 Here the base of the TL is
treated as a series of three regions: 510 Å of GaAs doped to a
level of 1019/cm3, a 160 Å undoped InGaAs QW, and 210 Å
of GaAs with doping density of 1019/cm3. The values of
other parameters used in the calculation are entered in Table
I. First of all we have calculated the threshold base current
following the method of Basu et al.19 and obtained the
threshold base current as 21.6 mA. We next attempt to calculate the collector currents for different base currents. For this
purpose, we first calculate the emitter current with Eq. (22),
where a fixed value of VEB is considered to make the base
current constant, whereas VCB is varied to obtain a variation
in VCE ( ¼ VEB  VCB). Here the discontinuity in the quasiFermi level has been taken into consideration. The value of
the VS carrier density NVS due to a particular value of the
emitter current can easily be calculated using Eq. (21). Again
for this particular value of NVS, the VS current density is
evaluated with Eqs. (19) and (20). Although NVS and JVS are
known, it is easy to calculate the collector current and base
current using Eqs. (23) and (24).
In Eq. (19), the VS carrier concentration, VS current
density, and QW current are related via spontaneous carrier
lifetime. It is to be mentioned here that, when the base current is below the threshold value, only spontaneous emission
occurs. But above the threshold base current, both spontaneous and stimulated emission occurs, and in Eq. (19) spontaneous emission lifetime is modified accordingly.
V. RESULTS AND DISCUSSIONS

The values of parameters used in the calculation are
entered in Table I. We have obtained the plots of dN1 ðxÞ and
dN2 ðxÞ as given by Eqs. (17a) and (17b) for an InGaAs QW
placed 59 nm away from the EB junction in a GaAs base of

TABLE I. Values of parameters used in calculation.
Electron capture lifetime, scap

10 ps

Escape lifetime, sesc

1.5 ps

Spontaneous emission time, ss
Base recombination lifetime, sB
Group velocity,  g
Confinement factor, C

200 ps
193 ps
8.67  107 m/s
0.03

Photon lifetime, sp
Diffusion coefficient, Dn
Loss coefficient/unit length, a
Richardson velocity, VR

4 ps
26  104 m2/s
500 m1
105
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FIG. 4. Variation of collector current as a function of collector-emitter voltage for different injected base currents [IB ¼ 10 mA (square); 12 mA
(circle); 14 mA (triangle); 16 mA (inverted triangle); 18 mA (diamond); 20
mA (left-pointing triangle); 21.7 mA (right-pointing triangle); 22 mA (plus
sign); 24 mA (star); 26 mA (pentagon); 28 mA (oval); and 30 mA
(asterisk)].

width 88 nm. The plots are straight lines with different
slopes and the break occurs at the location of the QW. This
nature of charge variation and the calculated IBth of 21.6 mA
are in complete agreement with the experimental data.12
Details of this work are given in earlier publications.19,20
In the present work, our primary aim is to obtain the family of collector currents for a common-emitter mode of operation. Our calculated values of collector current for different
values of collector-emitter voltage (VCE) with a base current
as a parameter are shown in Fig. 4. For different base-emitter
voltages as parameters, corresponding collector-emitter voltages are first estimated. Next the quasi-Fermi levels (or
imref) discontinuities are calculated and with the help of those
values terminal currents are evaluated using Eqs. (18)–(24).
The family of curves is almost identical with the family for
normal transistors. After a cut-in value the collector current
rises and then shows saturation behavior. It is interesting to
note that for base currents smaller than the threshold base current (21.6 mA in this structure) the spacing between adjacent
characteristic curves is almost constant. However, as the base
current exceeds the threshold value the collector current
curves get closer for the same increment of the base current.
This phenomenon is known as b-compression, which has
already been demonstrated in experiments.9,12,13 This phenomenon is not observed in normal transistors for which all
the characteristic curves are almost equally spaced. This
occurs due to the onset of a stimulated recombination process
in the QW above threshold.
To further illustrate the b-compression above threshold
base current we have shown the variation of dc current gain
with injected base current in Fig. 5, which clearly shows the
b-compression as the base current increases beyond threshold.
We note at this point that the b-compression, as displayed in Figs. 4 and 5, has already been demonstrated by
Feng and co-workers in a number of publications. Our calculation corroborates their experimental findings.
The variation of effective emission lifetime with
injected base current starting from threshold is plotted in

J. Appl. Phys. 111, 083103 (2012)

FIG. 5. Variation of dc current gain as a function of base current.

Fig. 6 as it gets modified above threshold, according to
Eq. (26). Beyond the lasing threshold effective emission lifetime decreases as stimulated emission speeds up the overall
rate of recombination in the base region.
It is now of interest to examine quantitative agreement
between our calculated values and the experimental data. We
first note from Fig. 4 that our cut-in value of VCE is 0.15 V,
whereas the value in experiments12,13 is 0.3 V. It is to be
noted that Then et al. in their microwave circuit model13
indicated the presence of three series resistances belonging
to the three terminals. In our work, we did not consider their
existence. Therefore, our VCE values are intrinsic, whereas in
the experiments the value is between external leads. The calculated collector current at IBth is 3 times too high than the
value in experiment. Consequently our values of dc gain
drops from 4 to 2 once IBth is exceeded. In the experiments
however the b-compression is less drastic.
Our present model cannot account for the usual Early
effect exhibited by HBTs as well as by HBTLs. We feel that
a refined theory relying on the Gummel-Poon model may be
needed for this purpose. However, it is not clear at this stage
if such a refined theory would lead to an analytical solution
of the problem.

FIG. 6. Variation of effective emission lifetime as a function of base
current.
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VI. CONCLUSIONS

In the present study, the terminal currents in an HBTL
incorporating a QW in the base are expressed in terms of terminal voltages VCE and VBE. The expressions differ from
those for normal HBTs as a large fraction of the injected
base current is responsible for light emission in the QW. A
thermionic diffusion model developed by Grinberg and Luryi
is employed to find the discontinuity of quasi-Fermi level at
the EB heterointerface.
The calculated threshold base current in the present
model agrees very well with experimental value. The nature
of collector current variation in the common emitter mode of
operation is similar to the behavior of normal transistors
below the threshold base current. Above this threshold, the
collector current curves are closer in conformity with experimentally observed gain compression in complete agreement
with experiment. However, the calculated values of collector
current and the dc gain are somewhat higher than in experiments, which may be due to series resistance effects. Our
calculated characteristics do not show the Early effect and
therefore a refined theory may be needed.
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