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Abstract
In this work, characteristics of dual base transistor laser are
numerically analyzed for the first time. Active base region
of the transistor laser is split into two unequal regions com-
posing of shorter and longer sections, which are biased sepa-
rately. Static characteristics of transistor laser are evaluated
using a rate equation model, which reveals switching action
in output optical power for a longer section base current of
9.2 mA with unpumped shorter section. Hysteresis behavior
in the optical output is observed for the longer section input
current till 1.6 mA. Optical bistable characteristics are stud-
ied for various values of gain (longer) and absorber (shorter)
section currents. Further slope efficiency is evaluated using
P-I characteristics, before the onset of bistability, for gain
lever features under common emitter (CE) configuration. A
maximum gain lever of 4.5 dB is observed with the longer
section bias current of 1.3 mA.
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1 | INTRODUCTION

Large optical gain in laser diodes finds numerous applications
in digital optical logic circuits, high speed switching and for
obtaining high modulation depth in direct modulation.1–10 Gain
switching provides higher optical power output for the given
electrical input in active optical devices and is useful to over-
come the coupling and transmission losses in the passive wave-
guides. Gain lever laser diodes have interesting property of
providing maximum gain for a particular current compared to
normal laser diode. Gain lever laser diodes are investigated for
radio over fiber applications and digital switching.6–12 Gain
lever effect in laser diodes is realized by splitting the active
region into two isolated sections with ratio ranging from 0.1 to
0.9. Due to sub linear nature of the gain versus carrier density
characteristics in quantum well active regions, a large change
in the carrier density in one section of the laser (longer section)
results due to a small change in injection current in the other
section (shorter section). Both sections have different value of
differential gain.1–5 Currently, the switching speed of the elec-
tronic circuits in computer/processors is limited by RC time
constant and carrier transit time. To overcome the problem,
opto-electronics based logic circuits are considered as a poten-
tial replacement.13 Bistability occurs in electrical or optical sys-
tems in which there is a region for which the output has two
stable energy states for a given input. Switching between these
values can be achieved by a change in the input level. Hence,
bistable optical active devices find applications in optical
switching and digital optical integrated circuits.

Bistability in laser diodes was first observed by Lasher
et al.1 and the proposed device had two sections of active
region, one light emitting region and another absorbing
region, with unequal lengths. Ueno et al.2 assumed two sec-
tions of active regions with different value of differential
gain, carrier lifetime and analyzed the bistable operation in
laser diodes. Circuit modeling of bistability in twin
section laser diodes and the effect of load and source resis-
tance were reported.3–6 Thermal effects in bistable laser were
also investigated.4,5 Vahala et al.3 observed a novel gain
lever mechanism with 6 dB improvement in electrical and
optical modulation response of quantum well laser diode.
The sections in active region were considered as master and
slave regions with later having higher modal gain compared
to the former. Moore et al.4 reported 40 dB enhancement in
the efficiency of transmission of microwave signals by sin-
gle quantum well laser diode with two sections. Frequency
dependency of the gain lever phenomenon is reported with
enhancement factor dropping to 15 dB, at the relaxation
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oscillation frequencies. Lau et al.4 observed that gain lever
effect in two section laser diode enhances the Frequency
Modulation (FM) performance of the laser without enhanc-
ing the FM noise. Duan et al.5 proposed a theoretical model
for the bistable laser diode by introducing the dependence
law of transition time and turn-on-jitter on injection currents.
It is found that, for a constant current input in active section,
the rise time decreases and fall time increases with injection
current in the other section. Wang et al.7 analyzed the
dynamic characteristics of bistable laser diode with parame-
ters that influence turn-on and turn-off dynamics. Pocha
et al.8 evaluated the electrical and optical gain lever effect in
double quantum well InGaAs laser diode and reported an
AM efficiency enhancement of 7 and 4 dB in electrical and
optical gain respectively, compared to normal laser diode.
Piramasubramanian et al.9 analyzed the modulation perfor-
mance of gain levered laser diode in the fiber optic link.
A 12 dB enhancement in extinction ratio (ER) is reported for
gain levered laser diode compared with normal laser diode.

Transistor laser (TL) is a three terminal device consisting
of emitter, base and collector regions with quantum well at
the base region. It can be modeled as a three port device with
two electrical ports and one optical port. Carriers from the
emitter region are captured by the quantum well in the base
region before they are collected by the reverse biased collec-
tor region.14–17 Current gain in the TL is limited by the radi-
ative recombination process in the quantum well region. The
carriers escaping the quantum well are collected by the
reverse biased collector region.14–17 TL is characterized by
lower carrier lifetime compared to the diode laser, due to the
applied reverse bias potential in collector–base junction.
Moreover, TL offers higher bandwidth than diode laser and
finds application potential in high speed optical communica-
tion. The first TL at emission wavelength of 980 nm was
fabricated by the Feng et al. and demonstrated at room tem-
perature along with charge control analysis.14–16 A number
of mathematical models have been proposed based on the

operation of TL. The most popular scheme termed as “trian-
gular charge control model” was proposed by Zhang et al.,18

by considering the charge in the base region as triangular pro-
file. They determined base charge density, quantum well car-
rier density and photon density.18 The effects of carrier
capture and carrier escape time were considered by Faraji
et al. They also proposed the common base and common
emitter modeling of TL with terminal current densities.19 Har-
monic analysis of an output of a TL with mixed signal as an
input is analyzed by Feng et al.15 Large signal analysis has
been carried out for 1300 nm TL and its performance has
been compared with laser diode.20 The device was fabricated
in NPN and PNP configurations with six quantum wells and
demonstrated at room temperature by Shirao et al.17 Har-
monic analysis of TL with different number of quantum wells
in the base region achieving lower distortion under common
base configuration is reported21,22 and further the distortion
reduction mechanisms are also discussed.23

In this work, gain lever and bistable effects are analyzed
in TL under common emitter configuration, for the first time.
The active region in the base of the TL is split into two sec-
tions to exhibit gain lever effect. The rate equations which
model the TL incorporating dual base regions are numeri-
cally solved by fourth order Runge–Kutta method. Static
characteristics and gain lever are evaluated in CE configura-
tion. A maximum of 4.5 dB increase in gain is observed for
the two sectioned TL.

2 | RATE EQUATION MODEL OF
DUAL BASE TL

The active region of TL is split into two sections, longer
(g) and shorter unit (a). Both regions are biased with differ-
ent currents, leading to unequal gains. The modal gain of
longer section (Gg) is assumed to be greater than the shorter
one (Ga). Due to highly sublinear nature of gain versus car-
rier density characteristics in quantum well, a large carrier
density variation in longer section is obtained for a small
change in the applied current to the shorter section of a dual
base TL. This effect is expected to enhance the modulation
efficiency of the TL. The current input applied to the longer
and shorter base sections are denoted as Ibg and Iba respec-
tively, as shown in Figure 1. Sections “a” and “b” are also
referred to as control and slave regions.

The rate equation model of TL is formed by considering
the boundary conditions and solving the second order differ-
ential electron diffusion equation in the base region of the
TL. A triangular profile of the charge distribution in the base
region satisfies the boundary conditions as shown in the
Figure 2. A virtual state is considered above the two-
dimensional quantum well to denote the carrier concentra-
tion at that point (Nvs).

An NPN heterostructure based TL is considered for this
analysis and the band structure at the base region of the TL isFIGURE 1 Proposed structure of dual base transistor laser (TL)
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depicted in Figure 2. Wb denotes the width of the base region
and d denotes the quantum well width. Current direction in
the above figure is based on the conventional current flow.

∂δn
∂t
¼Dn

∂2δn

∂x2
�δn
τB

ð1Þ

δn is the excess carrier concentration in the base region.
The diffusion Equation (1) is considered for both longer
and shorter section base regions and solved for the injected
carriers from emitter under triangular charge profile as
shown in Figure 2. Emitter current densities of longer and
shorter section regions are found by using the equations
given below.

JEg¼ qDn
∂δng
∂x

at x¼�WB

2
ð2Þ

JEa¼ qDn
∂δna
∂x

at x¼�WB

2
ð3Þ

δng and δna are the excess carriers concentration present
in longer section and shorter section of the active region.
The TL is assumed to be biased at active region with reverse
bias potential at collector–base junction. Hence the follow-
ing boundary conditions are assumed as below.

∂δng
∂x

¼ ∂δna
∂x

¼ 0 at x¼WB

2
ð4Þ

Based on the triangular charge model and boundary con-
ditions, the virtual state electron density in the longer (Nvsg)
and shorter section (Nvsa) of the base region are obtained by
solving the Equation (1).

The laser rate equations for the dual base TL describing
the virtual state carrier density in longer and shorter sections,
quantum well carrier density in longer and shorter sections
and photo density are

dNvsg

dt
¼�Nvsg

τcap
�NQWg

τesc
þ Ivsg
lgdqa

ð5Þ

dNvsa

dt
¼�Nvsa

τcap
�NQWa

τesc
þ Ivsa
ladqa

ð6Þ

Virtual state is defined as the unconfined state just above
the confined quantum states. NQWg and NQWa are the quan-
tum well carrier densities present in the longer and shorter
sections of the TL base. Current entering into the longer and
shorter section of the quantum well are denoted as Ivsg
and Ivsa respectively. τcap and τesc denotes carrier capture
and escape time between the virtual state and the quan-
tum well.

dNQWg

dt
¼Nvsg

τcap
�NQWg

τesc
�G0gS NQWg�Ng

� �
1þϵother S

�NQWg

τs
ð7Þ

dNQWa

dt
¼Nvsa

τcap
�NQWa

τesc
�G0aS NQWa�Ng

� �
1þϵother S

�NQWa

τs
ð8Þ

Equations (7) and (8) represent the quantum well electron
density in the longer (NQWg) and shorter (NQWa) sections
respectively. G0g and G0a defines the differential gain in the

longer and shorter sections of the active region respectively.
ϵother is the nonlinear gain compression factor due to spectral
hole burning and carrier heating effect. Ng is the transpar-
ency carrier density, which is used to achieve the population
inversion in quantum well for stimulated emission and τs is
quantum well electron life time.

dS
dt
¼ lgϵG0gS NQWg�Ng

� �
1þϵotherS

þ laϵG0aS NQWa�Ng
� �

1þϵotherS
� S
τp

þ lgC
NQWg

τs
þ laC

NQWa

τs
ð9Þ

Equation (9) gives rate of change of photon density in the
quantum well, τp is the photon life time in the active region
and C is the spontaneous recombination coefficient. Solving
the above coupled rate Equations (5)–(9), provides the photon
density, electron density present in the virtual state and quantum
well in both longer and shorter sections of the active region.
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qDn
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JE¼ JEgþ JEa ð12Þ
By solving Equations (2) and (3), emitter current densities
entering in longer and shorter sections are evaluated and

FIGURE 2 Triangular charge model in base region of transistor
laser (TL)19
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represented in Equations (10) and (11), where Wb and LD
defines the base width and diffusion length of the charge car-
rier in the base region. JVSa is the virtual state current density
entering the quantum well from the virtual state in the base
region. Equation (13) and (14) give the expressions for base
current density due to radiative and non-radiative recombina-
tion of carriers in both shorter and longer sections of the
active region.

JBa¼ 2Nvas
qDn

LD
sinh

Wb

LD

� �
þ JVSacosh

Wb

2LD

� �
ð13Þ

JBg¼ 2Nvag
qDn

LD
sinh

Wb

LD

� �
þ JVSgcosh

Wb

2LD

� �
ð14Þ

The collector current density arising due to carriers
removed by the collector region from both longer and
shorter sections of base region is given by Equation (15).
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� �
0
@
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The optical gain present in the longer and shorter sec-
tions are defined as

Gg¼ g0ln
NQWgþNS

N tþNS

� �
ð16Þ

Ga¼ g0ln
NQWaþNS

N tþNS

� �
ð17Þ

A logarithmic relation between carrier density and gain of
the quantum well is considered, where g0 is the material
gain, N t is transparency carrier density and NS is the fitting
parameter.

The diffusion length LDð Þ is expressed as

LD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dnτb

1þ jωτb

s
ð18Þ

where ω and τb define angular frequency and base recombi-
nation lifetime. For ω¼ 0, the diffusion length Dnð Þ is
defined as

LD¼
ffiffiffiffiffiffiffiffiffiffi
Dnτb

p ð19Þ
The rate Equations (5)–(9) of a dual base TL are solved
numerically by 4th order Runge–Kutta method. The parame-
ters used the above equations are given below (Table 1).

3 | SIMULATION RESULTS

3.1 | DC characteristics

A three quantum well, dual base TL is considered for this
analysis. A constant current is given as an input to the rate
equation model of the TL configured in common emitter
configuration. Diffusion constant of the TL is denoted by
LD¼

ffiffiffiffiffiffiffiffiffiffi
Dnτb

p
, the angular frequency is assumed to be ω¼ 0

for DC analysis. By providing different input currents to
both longer and shorter sections, the threshold current and
optical powers are determined. The optical power emitted
from the TL is calculated by the expression given
below11–13

P¼ ηvg αiþαmð ÞhfS V
2ϵ

ð20Þ

where η is the external quantum efficiency, vg is the group
velocity and αi and αm are internal and mirror losses.

To validate our model, initially we consider a normal
(shorted dual base) 3QW TL and solved the equations with
an input current applied to the emitter terminal and plotted
in Figure 3A. The P-I characteristics observed in Figure 3A
matches with the characteristics of the 3QWTL in the litera-
ture.20 TL under CE configuration is realized by forward
biasing the base–emitter junction and reverse biasing the
emitter–collector junction. An input current is applied to the
base terminal of the dual base TL as shown in Figure 1.
Optical power is evaluated for a range of input base currents
and plotted in Figure 3B.

From Figure 3 it is found that the optical power increases
after threshold current due to stimulated recombination.
Prior to that, spontaneous recombination is significant. We
repeat the simulation under dual base condition, where the

TABLE 1 Dual base TL parameters20

Parameter Value Symbols

Well thickness 5 nm/well d

Longer section length fraction 0.9 lg

Shorter section length fraction 0.1 la

Barrier length 10 nm dB

Stripe width 2 μm W

Cavity length 250 μm L

Total base width 250 nm Wb

Reflectivity 0.3, 0.9 R

Material gain for longer section 3600/cm gog

Material gain for shorter section 3600/cm goa

Optical confinement factor 0.011/well ϵ

Internal loss 5/cm αi

Gain compression factor 0.5 � 10�17/cm3 ϵother

Recombination coefficient 1.55 � 10�10/cm3s Beff

Spontaneous emission coefficient 10�6 C

Carrier lifetime in base 1 ns τs

Capture time 1 ps τcap

Escape time 1 ns τesc

Photon life time 4.1 ps τp

Abbreviation: TL, transistor laser.

4 RANJITH ET AL.RANJITH ET AL. 3965



active region of the TL is divided into two sections, that is,
longer (Lg) and shorter (La) with shorter to total length ratio
(La/L) of 10%. Optical slope of the TL is analyzed by vary-
ing the longer and shorter section base current of the device

separately, by maintaining the other current as constant as
shown in the Figures 4 and 5.

From Figure 4 it is found that the optical power switches
to a large value at threshold, unlike a normal TL (both

FIGURE 3 DC characteristics of single base 3QW transistor laser (TL) under: (A) CB configuration20 and (B) CE configuration

FIGURE 5 DC characteristics of gain lever transistor laser (TL) with constant longer section bias currents (IEg): (A) low bias currents and
(B) high bias currents

FIGURE 4 DC characteristics of dual base transistor laser (TL) with longer section bias currents (IBg): (A) optical power and (B) collector
current and current gain
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sections shorted case) and increases further for increase in
longer section currents (IBg) with fixed shorter section bias
currents (IBa). For shorter section current of 0 mA, a
switching in optical power of 2.53 mW is observed at
9.3 mA and it is found that the magnitude of switching
power reduces for increasing the shorter section current. Fur-
ther, the threshold current decreases for increasing shorter
section bias currents (IBa) along with switching characteris-
tics. Current gain (β) of dual base TL under CE configura-
tion decreases as optical power increases for increasing the
longer section current (IBg). Moreover, the collector current
decreases sharply at the threshold current due to stimulated
recombination and subsequent reduction in carrier density,
as shown in the Figure 4. Under fixed longer section bias
current, a small variation of shorter section base current in
TL provides a large change in output power due to gain
levering effect.

From the above Figure 5A,B it is found that, at constant
values of longer section bias current (IBg) and varying the
shorter section current (IBa) provides higher slope until
1.3 mA creating the gain lever effect. From Figure 5A the
slope of the optical power is found to be decreasing for

increase in the shorter section current (IBa). Conditions per-
taining to larger slope can be used for gain levering. More-
over, it is observed that beyond longer section current of
1.3 mA, optical switching takes place due to the presence of
absorber section in the cavity. The switching behavior
occurs at lower values of absorber section current, when the
gain section is biased heavily. It can be inferred from
Figure 5B, for longer section current of 1.4 mA and beyond,
varying the shorter section results in increase in the optical
power and decrease in threshold.

3.2 | Transient analysis

The transient (time) characteristics of dual base TL with
three quantum wells in the base region is analyzed by apply-
ing a DC input current of IBg = 1.5 mA, IBa = 20 μA (before
threshold) and IBa = 40 μA (after threshold) as shown in
Figures 6 and 7. Virtual state carrier density (NVS), Quantum
well carrier density (NQW) and Optical power, for both lon-
ger and shorter sections for different input current are plotted
in Figures 6 and 7. From Figures 6 and 7, it is observed that
the relaxation oscillations occur after reaching the threshold

FIGURE 6 Transient analysis of dual base transistor laser (TL) before threshold: (A) input currents, (B) virtual state carrier density,
(C) quantum well carrier density, and (D) optical power
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and the carrier concentrations in the longer section and
shorter section are compliment to each other. From Figure 7,
it is observed that the carrier density in both longer and
shorter sections are capped to a value once the optical power
reaches the threshold, thus the stimulated emission becomes

dominant. Settling time, the time required to reach the steady
state optical power decreases for increase in the input
current.

3.3 | Analysis of gain lever effect

Gain lever is defined as the process of magnification of a
optical gain achieved by laser devices due to nonlinear
effects. Increasing the differential slope efficiency of optical
power versus input current finds enormous applications in
optical communication system, due to improved modulation
characteristics. Increasing the differential slope efficiency
increases the modulation depth or gain achieved in direct
modulation systems. Gain lever in TL is evaluated by solv-
ing the following Equation (8).

GLdB¼ 10log
ηc ig, ia
� �
ηnormal
c

ð21Þ

where, the gain amplification in dual base TL is defined with
respect to normal TL in decibels. ηc ig, ia

� �
gives the differen-

tial slope of the dual base TL by varying the shorter
section current with constant longer section bias current,
derived from Figure 5A. ηnormal

c is the differential slope of

FIGURE 7 Transient analysis of dual base transistor laser (TL) after threshold: (A) input currents, (B) virtual state carrier density, (C) quantum
well carrier density, and (D) optical power

FIGURE 8 Gain lever (dB) of transistor laser (TL) under CE
configuration
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FIGURE 9 Optical power—current characteristics with (A) different shorter section (IBa) bias currents (B) different longer section (IBg) bias
currents

FIGURE 10 Pulse analysis: (A) input shorter section current pulse, (B) shorter section QW carrier density, (C) longer section QW carrier
density, (D) photon density, and (E) optical power
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the normal TL obtained from Figure 3. Enhancement in gain
or modulation efficiency is analyzed for TL under CE con-
figuration for different longer section bias currents with
shorter section bias currents are chosen near to the threshold.

From Figure 8 it is observed that the gain lever decreases
for increase in peak-peak amplitude of RF current applied to
the shorter section of the TL.

3.4 | Bisatbility

The bistable behavior in dual base TL is analyzed and plot-
ted in Figure 9. Forward and reverse currents are applied for
one section by fixing the other section current as constant.
Optical power for different longer section current (IBg) in
both forward and reverse directions with fixed shorter
section bias currents (IBa[bias]) is plotted in Figure 9A. It is
observed that the hysteresis width reduces for increase in the
shorter section current. It is also found that the optical power
values for switch off current are closer approximately to
each other for different shorter section bias current (IBa[bias]).
From Figure 9B, it is found that the hysteresis width
increases for increasing the longer section bias current (IBg
[bias]) for different shorter section current (IBa).

Bistability in a TL is further analyzed by providing an
input electrical current pulse to the shorter section and bias-
ing the longer section with constant DC current. Longer
section DC bias current is chosen as 9.2 mA from Figure 9A
(after threshold) with shorter section pulse varying from 0 to
20 μA as shown in Figure 10A.

It is found that after switching the input current pulse to
20 μA, the TL becomes ON and optical power switches to
its maximum value as shown in Figure 10E. It is also found
that longer section quantum well carrier density reaches min-
imum value, so longer section can have maximum photon
generation.

After switching the input current pulse to 0 μA and keep-
ing the longer section bias current as 9.2 mA, the optical
power maintains the ON condition and so the dual base TL
exhibits two states for same input current as shown in
Figure 10E. Hence it observed that the TL exhibits the
bistability behavior.

Transient analysis of bistability in dual base TL is ana-
lyzed by applying a pulse current as an input to the shorter
section and dc bias current of IBg(bias) = 1.5 mA to the lon-
ger section as shown in Figure 11.

It is compared with normal TL by applying an input
pulse current with amplitude being equal to the addition of
longer and shorter section currents (IB = IBg + IBa) for level
1 and 0 as shown in Figure 12. The ER of the generated opti-
cal pulse is compared between normal TL and dual base TL.

ER¼ 10log
P1

P0
ð22Þ

ER is defined as the ratio of optical power level
corresponding to bit 1 to the optical power level
corresponding to bit 0.9 A high value of ER is expected to
achieve a best link performance.

From Figures 11 and 12, it is observed that in dual base
TL optical power level for bit 1 is P1 = 95.8 μW and optical
power level for bit 0 is P0 = 92.2 μW and in case of normal
TL is P1 = 133.2 μW and P0 = 131.6 μW. Based on the
Equation (22) it is found that ER for dual base TL is
0.17 dB and for normal TL is 0.05 dB. It is observed that the
ER of dual base TL is 0.12 dB higher than the normal TL.

4 | CONCLUSION

Gain lever and optical bistability effects in TL are analyzed
by splitting the active region of the TL in to two sections
with unequal length. DC characteristics of gain lever TL

FIGURE 12 Normal transistor laser: (A) input pulse current and
(B) output optical pulse

FIGURE 11 Dual base transistor laser: (A) input shorter
section pulse current and (B) output optical pulse
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under CE configuration is analyzed and compared with the
normal TL. Varying the shorter section current with constant
longer section current shows that the gain lever TL enters
into a bistable switching state. A maximum of 4.5 dB
enhancement in gain is observed under the bias current of
1.3 mA applied to the longer section of the TL. ER improve-
ment of 0.12 dB compared with normal TL is observed with
the bias current of 1.5 mA applied to the longer section of
the TL.
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