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Abstract— The coherent photons generated at the base quan-
tum wells in the transistor laser (TL) interact with the collector
field and ““assist” electron tunneling from the valence band of the
base to the conduction band states of the collector. The cavity
coherent photon intensity effect on photon-assisted tunneling in
the TL has resulted in the realization of a novel photon-field
enhanced optical absorption. This intra-cavity photon-assisted
tunneling (ICPAT) in the TL or the light-emitting transistor
is the unique property of voltage (field) modulation and the
basis for ultrahigh speed direct tunneling photon modulation
and switching. In addition, a new tunneling current modulation
gain in a ‘“new form” of transistor is discovered based on the
collector tunneling holes feedback to the base and dielectric
relaxation base transport. The TL, owing to its unique three-
terminal configuration and the complementary nature of its
optical and electrical collector output signals, enables fast base
recombination, collector tunneling, and OEO feedback, which has
resulted in the realization of compact electro-optical applications,
such as non-linear signal-mixing, frequency multiplication, OE
tunneling transistor, and electrical and optical bistability.

Index Terms— Transistor, diode laser, transistor laser, tunnel
junction, carrier-photon dynamics, heterojunction bipolar tran-
sistor, stimulated and spontaneous recombination, microwave
equivalent circuit model, analog and logic optoelectronic circuits,
optical switch, resonance-free response, current and voltage
modulation, feedback linearization, frequency multiplication,
electrical and optical bistability.

I. INTRODUCTION

RANSISTOR was first invented by Bardeen and Brat-
tain [1] in 1947 and revealed its fundamental operating
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principles: the emitter current injection, the base electron-
hole recombination, and the collector current output due
to base transport. Since then the three-terminal transistor
has replaced the fragile vacuum tube for reliable and fast
electrical signal switching and amplification, and enabled
the integration of three-terminal transistors into microchips
by Kilby [2], [4] and Noyce [3] and later of low power
CMOS circuits into VLSI, which revolutionized the modern
electronics and communication systems, creating the digital
world we live in today. Subsequently, a wide bandgap emitter
transistor was proposed by Shockley [5] and Kroemer [6]
to improve the transistor’s emitter injection efficiency, which
created a heterojunction bipolar transistor (HBT) and marked
the beginning of engineering semiconductor material structures
to alter the device performance. The SiGe, GaAs, and InP
heterostructure transistors have been widely deployed today in
microwave and millimeter-wave power amplifiers for wireless
communication and mixed signal ICs for high-speed ADC
and testing instruments, with the cutoff frequency approaching
terahertz regime [7].

Besides being fundamental to transistor operation, the
electron-hole recombination process in alloy semiconductors
has become a powerful light source as LEDs and semi-
conductor diode lasers. In a transistor’s electrical operation,
the base recombination serves primarily as a way to promote
carrier transport and establish power amplification (gain);
however, by enhancing recombination in a direct-bandgap
alloy III-V compound semiconductor, efficient electron-photon
conversion will happen, leading to the discovery of light-
emitting diodes (LEDs) and diode lasers (1962) [8], [9],
To further improve the radiative recombination efficiency,
quantum wells (QWs) have been inserted into the recombina-
tion region (1977) [10], [11]. Today LEDs are the mainstream
lighting source with low power consumption, low heating, and
low cost.

The quantum-well diode laser, due to its miniature size
compared with gas lasers, has opened many possibilities from
cheap laser pointers to light detection and ranging (LiDAR)
and 3D imaging. It has also become the critical part
in high-speed optical communication systems commonly
found in today’s large-scale data centers: the exponential
increasing volume of data motivates an increase in the system
data rate, which causes electrical interconnects to incur
increasing losses. At high data rates, it becomes more energy-
efficient to convert electrical signals to optical signals using
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semiconductor lasers. Today’s commercial high-speed optical
transceivers running at 25 Gb/s per channel have become the
backbone of global communication, and the demand will be
even higher with the anticipation of the new 5G standard,
the associated computation-intensive applications, and more
recently the 3D sensors for face recognition.

In 2016, an uncooled oxide-VCSEL (vertical-cavity surface-
emitting laser) demonstrated the record modulation band-
width of 29 GHz and error-free data transmission at
57 Gb/s [12], [13]. Fundamentally, the modulation bandwidth
of a diode laser is limited by the carrier recombination lifetime
and the photon lifetime. Specifically, for the diode laser p-i-n
junction structure, a low recombination lifetime can only be
achieved by injecting a large number of carriers from the p and
n side into the neutral junction region to reach lasing threshold,
which in return will heat up the junction and slow down
the carrier recombination; thus, the modulation bandwidth is
thermally limited to < 35 GHz.

In 2004, Feng and Holonyak realized the radiative recom-
bination at the base of a III-V semiconductor HBT can be
modulated and the light output can be established as the
new transistor optical output signal, and the light-emitting
transistor (LET) was invented [14]. Soon the laser operation
was also demonstrated by inserting QWs in the base [15]
and providing an optical cavity to the LET; the transistor
laser (TL) is realized [16], [17]. Different from diode lasers,
in LET and TL the recombination center is in the HBT base
region, which is heavily doped, carrier injection follows HBT
operation principles: (1) carriers are injected from the emitter
side, and the emitter-base heterojunction prevents hole leakage
and improves the emitter injection efficiency; (2) the injected
minority carriers diffuse across the heavily doped base; a
portion recombine in the base (primarily in the undoped QWs)
and converted into photons, and the remaining carriers reach
the collector; the heavily doped base and QWs reduce the
overall base recombination lifetime and therefore increase the
base recombination current at the cost of lower transistor
current gain; (3) the collector collects all the carriers that
do not recombine and sweep them to the terminal. Thus,
the LET and TL shift the focus of transistor operation from
electrical (collector output) to optical (base recombination),
and the base QWs can be treated as the optical equivalent of
“collector”, establishing the duo output (both electrical and
optical) of the LET and TL.

As a result, the base carrier recombination lifetime can be
reduced by manipulating the base doping, QWs, and the tilted
charge distribution profile in the base region. The benefit of
a tilted charge distribution can be shown in Fig. 1 where
the TL base carrier profile is drawn schematically: electrons
are injected and diffuse across the base active region, which
has a thickness of around 100 nm and corresponds to a base
transit time of ~ 2 ps given by the relation 7, = W§/2D with
D ~ 26 cm?/s.

Because the base transport process always competes
with the base recombination process, a carrier that fails
to recombine within picoseconds will inevitably diffuse to
the collector. Thus, the transistor base region can filter all
the slow-recombining carriers and effectively reduce the
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Fig. 1. Pictures show schematically the active region e-h carrier distribution
profile in (a) a diode laser and (b) a transistor laser; in transistor laser the
carrier distribution is “tilted” due to the base diffusion carrier transport.
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Fig. 2. Physics-based model of a three-port heterojunction bipolar transistor
laser (TL) formulated in equivalent-circuit electrical and optical elements to
simulate the base current modulation.

overall recombination lifetime. The result has been verified
experimentally: (a) the LET has demonstrated a modulation
bandwidth of 7 GHz which corresponds to a recombination
lifetime of 23 ps [18] and far exceeds LED’s record
bandwidth at around 1 GHz; (b) the TL has demonstrated a
nearly “resonance-free” frequency response over bias current
range of 1/1I;; with a modulation bandwidth of 20 GHz [19]
corresponding to a recombination lifetime of 29 ps, while the
57 Gb/s VCSELs are in the range of ~160 picoseconds [20].
The physics of the base carrier charge dynamics of the
three-port transistor laser was also established [21], [22], and
the microwave equivalent-circuit model is shown in Fig. 2.

Unlike in a diode laser where the population inversion is
pinned at the lasing threshold and hence its lasing state fixed,
the population inversion in a TL is governed by the base and
the collector charging, hence it is able to shift its operation
in preference of a particular mode with a higher differential
gain [23]. This behavior can be utilized to extract the differ-
ential optical gain from the collector I-V characteristics, a key
parameter to the high-speed performance of a laser, which for
a single-QW TL is found to be 100 times larger than in a
diode laser [24].
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The advantage of the TL’s three-terminal structure is also
demonstrated in the use of the collector current as a negative
feedback signal for linearization of both the optical and
electrical output signals [25]. The three-terminal advantage
is further revealed by the TL’s ability to introduce structural
enhancements, e.g. a tunnel junction at the collector to improve
voltage-controlled signal modulation via photon-assisted tun-
neling [26]. The simultaneous base current and collector
voltage modulation of a tunnel-junction TL enables non-linear
signal mixing and frequency multiplication up to the 11% order
above lasing threshold [27]. Two detailed review papers of
three-port transistor laser have been reported [28], [29].

II. TUNNELING IN TRANSISTOR LASER
A. Photon-Assisted Tunneling (PAT)

The electric field-dependence of the fundamental absorption
edge of a semiconductor is ordinarily referred to as the Franz-
Keldysh effect [30]-[32]. For a direct-gap semiconductor, pho-
ton absorption in a p-n junction can often be thought of simply
as photon-assisted tunneling over the energy gap. That is,
the electron wavefunctions in the valence and the conduction
bands have exponentially decaying tails in the energy gap.
In the presence of an electrical field, a valence band electron
may tunnel through a triangular barrier to reach the conduction
band. When photons are present, the electron can absorb the
energy of a photon, effectively reducing the tunneling barrier
height by the photon energy, thus the tunneling probability
is significantly enhanced and the probability depends on the
electric field as well as the photon energy. Such photon
absorption process due to photon-assisted tunneling (PAT)
has been studied within p-n junction diodes [33], [34] and
is well-known as an electro-absorption phenomenon for the
photodiodes.

B. Intra-Cavity Photon-Assisted Tunneling (ICPAT)

It has been discovered that a similar PAT process can also
happen inside the cavity of LETs and TLs: photons generated
from the base QWs will experience the electric field in the col-
lector junction controlled by the junction reverse bias and thus
promote the base valence band electrons to tunnel to the col-
lector conduction band. This observation suggests the cavity
tunneling modulating the LET and TL optical output directly
by collector voltage. In 2007, the TL employing intra-cavity
PAT (ICPAT) was demonstrated and achieved the tunneling
modulation and switching operation from stimulated (under
high coherent field) to spontaneous (incoherent field) [35].
Later in 2009, a tunnel-junction TL demonstrated direct
voltage-controlled modulation using collector ICPAT [36], and
the absorption coefficient incorporated into the laser coupled
rate equations [37]. In 2016, the internal loss resulting from
bias-dependent PAT in a TL of low and high cavity Q
was reported [38]. Later, the difference between ICPAT and
PAT was clarified, and the field-dependence of the tunneling
absorption rate was quantified. Previous studies of PAT have
been limited to p-n junctions with external illumination, i.e.,
the case of a photodetector [31], [32]. When PAT happens in
the TL collector junction, the coherent photon absorption is
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enhanced inside the cavity, and the laser output modulation
is much faster due to the presence of cavity reflection [37].
Finally the rebalance of carriers by base dielectric relaxation
in response to tunneling was discovered and studied [39], [40],
leading to the formulation of the TL tunneling operations and
formally establishing LETs and TLs as four-port devices with
both electrical (I-V) and optical (L-V) outputs as functions of
the base current and the collector voltage.

Thus, the collector plays an integral role in the operation
of the TL. Its close proximity to the base active region
allows it to be used as a direct readout of the transport
and recombination dynamics in the base and QWSs. High
p+ and n+ doping can be employed at the collector to
form a tunnel junction and control the laser operation more
effectively by changes in the junction bias (voltage), which
makes possible a direct (circuit) scheme of voltage modulation
in addition to the usual one of current modulation. Moreover,
the recombination optical signal, via internal ICPAT optical
absorption, causes voltage-dependent breakdown and nega-
tive resistance in the TL collector characteristics, which are
particularly advantageous for signal processing. The collector
tunnel junction is an additional source of hole re-supply to
the base and to the base recombination, complementing and
competing with the usual base current supply /p. Now the
LETs and TLs can be viewed as a device-level integration of
two photonics functions: photon generation (with base QWs)
and photon absorption (with collector junction tunneling via
PAT or ICPAT), and they have the potential to achieve more
complex functions involving both the electrical and the optical
signal simultaneously and can potentially find applications in
photonic integrated circuits.

III. TUNNELING MODULATION OF OPTICAL OUTPUT IN
TRANSISTOR LASER

A. Energy Band Diagram of a Transistor Laser

The schematic energy band diagram of a heterojunction
TL (n-p-n) with quantum wells (QWs) in the base, ICPAT at
the collector junction, and a reflecting optical cavity is shown
in Fig. 3. The device operates with emitter current injection,
base recombination and transport, and tunneling collector
current output. The base recombination hole current (Ip,) is
supplied by the external base current (I/p), the ICPAT hole
current (/;cpat,n), and the band-to-band direct tunneling hole
current (/7). The collector electron current (I¢) comprises
the base electron current reaching the collector junction (/;),
the ICPAT electron current (/jcpar,e), and the band-to-band
direct tunneling electron current (/7). The photon generation
is due to e-h recombination at the base QWs, and the photon
absorption is due to ICPAT tunneling at the collector junction.
The corresponding hole current contributes to the base for
electron relaxation transport and excess (injected) carrier spon-
taneous and stimulated recombination, thus providing at the
collector the tunneling-modulation of the laser and tunneling-
amplification of the transistor [39], [40]. The cleaved mirrors
provide the optical cavity and assist to build up coherent laser
output when the cavity photon density is above the coherent
threshold. Figure 4 shows a fabricated quantum-well TL.
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Fig. 3. Schematic diagram of a quantum-well (QW) transistor laser operating
by e-h recombination in the base QWs and photon absorption by intra-cavity
photon-assisted tunneling (ICPAT) at the collector junction. The collector
current Ic = It + Ijcpar + L7 where It = 1 x Ig + B2 x (Iicpar + Ir7)-
The current gains are defined in Section IV (B).

Fig. 4. Scanning electron microscopy of the top view of a fabricated QW
edge-emitting transistor laser with cavity length L = 200 um.

Different from the transistor invented by Bardeen and
Brattain (1947) with the base operating only in e-k spon-
taneous recombination, the transistor laser of Feng and
Holonyak (2004) possesses both e-h spontaneous and stim-
ulated recombination in the base QWs, both incoherent and
coherent photon generations in base QWs, and photon absorp-
tions in the collector via ICPAT. The collector tunneling
modulation of the photon density inside the TL optical cavity
also provides a hole current to the total base recombina-
tion (Optical-Electrical (OE) feedback modulation control) and
results in the lowering of the emitter junction barrier. Thus,
an induced minority electron current, injected from the emitter
to the base near the collector junction via dielectric relaxation
transport in femtoseconds, provides tunneling current gain for
the transistor [39], [40].

B. Coupled Carrier-Photon Rate Equations
in Transistor Laser

The coupled carrier-photon dynamics of the TL are obtained
by integrating the continuity equations of the minority carri-
ers (Eqn. (1) and (2)) over the entire base region and by further
relating the spontaneous and stimulated optical outputs to the
respective components of the total base recombination current.
This results in the coupled carrier-photon rate equations:

ar _ I'gP P (1)
dt Vs Tp
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and

dr g

av _ I (I—C + +vgrP) )
q TB,spon

Here P is the total photon population, v is the photon group
velocity in the optical cavity, I" is the confinement factor to
normalize the active medium (QW) over the entire cavity, 7,
is the photon lifetime, g is the gain of the active medium, and
N =~ (Q1+ Q2)/q is the total minority carrier population in
the base. The formula has the same structure as the one first
formulated by Statz and deMars (1960) [37]. These equations
for the TL show that the photon generation is governed by
the rate of the transport of minority carriers (electrons) in the
base, because the hole density does not change appreciably in
the heavily p-doped base of an n-p-n heterojunction transistor.
In contrast, both electrons and holes are minority carriers in
the undoped active region of a p-i-n diode laser, the rate of
e-h recombination is governed by the rate of transport of both
electrons and holes.

The optical output frequency response of the TL is obtained
from the coupled rate equations by expressing N as N =
N, + 0N (w), P = P,+0P(w), and Ip = Ip ,+ dlp(w). The
first order small-signal solution of the coupled carrier-photon
rate equations is given in Eqn. (3),

vel' Py og
APm _ qilWBW
Alg  [1 3 . (1 B
B [; (ng%Po) - wz] +jo (E + ng%PO)

3)

where Alp is the small signal base current, A Py, is the small
signal photon density, P, is the steady-state photon density,
A is the device area, I' is the optical confinement factor, v, is
the photon group velocity, ¢ is the electron charge, Wp is the
transistor laser base width, 0g/0N is the differential optical
gain, 7, is the photon lifetime, and 7, is the spontaneous
carrier lifetime.

C. Coupled Carrier-Photon Rate Equations in Transistor
Laser With Intra-Cavity Photon Assisted Tunneling

For simplicity, we may assume ICPAT shares the same
closed-form solution as PAT ~ F1/3 fg? s |Al (2)|*dz, where
F is collector junction electrical field, and C is a constant
determined by the QW and collector junction.

The coupled rate equations are then modified to include
ICPAT photon absorption, ajcpar. Further note that as drawn
in Fig. 3, Ic = I; + Iyt + Iicpar ~ Ic(aicpar, P) because
IicpaT/q = vajcpar P where P is the cavity photon population
and v is the cavity photon group velocity, and the minority
carrier injection, Ir = Ig(I¢), is coupled to the collector
current, Ic, as a result of the tunneling re-supply of holes to
the base. The coupled rate equations can then be expressed as:

dP
o = I'g —a; —am — ajcpar) P “4)
and
dN I (1 1 , P
dN _ IeUc) _ Ic(arcpar, P) —yIgP (5
dt q q TB,spon
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By considering small-signals, the minority carrier popula-
tion, N = N, 4+ 0N(w); for the optical gain, g = g, +
(0g/0N) - ON(w); the photon population, P = P, + JP(w);
the expressions Ig = Ig, + dlg(w); Ic = Ic,, + dlc(w);
GICPAT = OICPAT,0 + O0ajcpaT(w); and the triode current
constraint, /g (w) = dlc(w) + d1p(w). Equations (4) and (5)
may be written in small-signal nonlinear form as

5
jwoP = FDP,)%&N N

+TVvOPON — voojcparo P (6)

and

ol ON
jwoN = 22 —
q TB,spon

—T'vg,0P

5
TP, 285N —TvePSN (7)
oN

with dajcpar expanded in Taylor series below as shown in
Eqgn. (8):

OO ICPAT o“ajcpAT 2
O0ICPAT = Ve + oVep+
OVer vy 7
0" acpAT
Sy OVip + (8)
CB VCB,O

The mixing terms [015(f1)]"-[0Vcp(f2)]" generate the output
mixing frequencies mf; = nf,, and can be derived recursively.
First, the linear solution is obtained from Eqn. (6) and (7)
by neglecting the nonlinear terms involving dojcpat - 0P and
ON-0P, which gives 0P = Rp;(®)dlp+ Rpy (w)dVcp, where
Rpj(®) and Rpy(w) are the current and voltage modulation
coefficients respectively. Higher order mixing terms such as
olg - 0Vep, (513)2 -0Vep, olp ~5VCB)2, etc., are obtained by
retaining all the mixing terms and substituting the expression
for 0P into in Eqn. 6 and 7 at each recursive step. The tunnel
junction produces the nonlinear (coupling) term, J P - dajcpar,
without which the nonlinearity can only come from current
modulation, i.e., only 6P - ON.

D. Tunneling Modulation of Light in a Transistor Laser

In a two-terminal semiconductor light-emitting device such
as LED, diode laser, or VCSEL, the light output depends
solely on the injected current. However, a three-terminal light-
emitting device such as LET or TL, the light output is
a function of both the injected base current (/p) and the
collector junction bias (V¢p or Vcg). The TL with stimulated
recombination in the base and ICPAT in the collector junction
thus has a special set of light output (L-Ig-Vcg, L = light
output power; Vcg = Vep + Ve, Ve is constant at given
Ip) family of curves as shown in Fig. 5.

In the regime where Vcp is small and the collector junction
has not reached strong reverse bias, the laser output (propor-
tional to the cavity photon density) increases with emitter elec-
tron injection into the base. The stimulated recombination then
saturates limited by the hole supply by base current /5. Once
the collector junction reaches sufficient reverse bias, I[CPAT
occurs, and the laser output is reduced as shown in Fig. 5.
Further increasing Vcp and reducing the photon density inside
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Fig. 5. TL optical output (coherent) as a function of both the base current
and the collector bias. The optical output drops at high bias due to ICPAT.
Without ICPAT, the optical output is expected to be proportional to the base
current and saturate at high collector voltage.

the cavity will break the lasing threshold condition, causing
coherent breakdown with the coherent light output dropping
to zero.
The current-driven diode laser optical output characteristic
equation is:
haw a

Lpr = _,71.7’” (I — Itn)
q ai+anm

©)

Following the same format, we recognize the collector ICPAT
as an additional cavity loss term and incorporate it in the above
equation to formulate the TL output equation:

Om

hw
Ly = ?;7- (I = Lin,icpar)  (10)

“a; + am + Tascpar
where ajcpar accounts for the photon absorption through
ICPAT, T is a confinement factor since ICPAT only happens at
the collector junction, and I, jcpar incorporates the fact that
the laser threshold is directly proportional to the total cavity
loss (thus dependent on ICPAT). Note that as the collector
junction bias Vcp changes, both ajcpar and Iy, jcpar will
change, and we observe the unique ability to modulate the
cavity loss in a TL through ICPAT. When ICPAT is negligible,
ajceat = 0 and Iy, jcpar = Iin, and the TL behaves like a
diode laser.

Based on Eqgn. (9) and (10), the amount of light output
reduction (AL) can be obtained by subtracting the expected
output without ICPAT (dashed lines) and the actual observed
output (solid lines) as shown in Fig. 5. The light output without
ICPAT is predicted to be constant and independent of V¢p
in the reverse bias Vcp regime, where a saturated collector
current persists with a constant base current supplying holes
to the base. Thus we have:

AL =Lpr — L7
Om

a;+om+Tajcpar

how
= Lpr — ?m‘ (I=Iin,rcpar) (1)
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Fig. 6. (a) TL optical output plotted against the base current (L-Ip) to show
the increase of lasing threshold with respect to the collector bias, and (b) the
TL lasing threshold plotted against the collector junction bias. The lasing
threshold shows a strong voltage dependence because the ICPAT process
contributes to an additional cavity loss term as shown in Eqn. 10. Thus the
TL demonstrates the unique ability to modulate the cavity photon loss with
tunneling collector voltage.

With 980 nm emission wavelength from the InGaAs quan-
tum wells in the base region, hv = 1.265 €V, a,, ~ 59 em™!
(uncoated cleaved facet, 200 um cavity), and a; ~ 2 em™!
from results published at NTU [38]. A series of conversion
efficiency #; values can be obtained by examining the light
output at Vcg = 1 V from the L-Ip-Vcg curves where the
light output is at maximum. The TL threshold under ICPAT
as a function of collector junction voltage Vcp can be found
by plotting the light output versus the base current as shown
in Fig. 6.

E. ICPAT Enhanced Optical Absorption

The product of the ICPAT optical absorption coefficient and
the confinement factor, I'ajcpar, can be calculated based on
the derivations in Section (D) and the result is plotted in Fig. 7.
The optical absorption coefficient due purely to PAT (apar)
is also computed using established formulas [31], [32] and
plotted for comparison.

The confinement factor I' requires a more -careful
treatment. Different from the definition of confinement in
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Fig. 7. TL ICPAT optical absorption coefficient normalized by the con-
finement factor as a function of the collector junction bias. The absorption
coefficient of PAT is also plotted for reference. The absorption coefficient
increases with voltage because the tunneling process is field-dependent; the
absorption coefficient decreases with base current because of increased degree
of coherence inside cavity.

the quantum-well gain medium, the I' here represents the
normalization of the ICPAT absorption region (collector junc-
tion) to the entire photon occupation region. The TL device
has a 120 nm emitter, 100 nm base, and 100 nm collector
confined by the optical waveguide; thus I" is estimated to be
at most 30%. We acknowledge it is T'ajcpar that affects the
photon absorption and do not separate the terms. The extracted
Tajcpar values show a dependence on I above I;; = 32 mA.
The absorption coefficient decreases with increasing Iz up
to 45 mA (I/I;;, = 1.4) at a given Vcp and saturates when
Ip > 50 mA. This indicates the coherent photon density inside
the cavity will disturb the cavity photon-electrodynamics and
affect the particle tunneling process. Specifically, the result
shows ICPAT absorption is more likely at low /p levels (low
photon density, I/1;;, < 1.5). With low photon field near the
lasing threshold, the cavity mode distribution is broader and
less coherent, thus the absorption coefficient higher. As the
photon field increases, the mode distribution is narrower and
approaches coherent; thus, the absorption coefficient lower.

The higher-order modes generated by the QWs are at
increasing polarizations with respect to the fundamental mode.
The shift of the mode distribution has been reported for a
400 pm transistor laser [41]. The higher order modes are more
pronounced at lower current injection levels, and the dominant
mode rises quickly with increasing base current injection.
The change of the injected base current /p effectively shifts
the photon mode distribution and the degree of coherence
inside the cavity. The higher-order modes can pass through
the absorption junction multiple times due to the misalignment
of propagation direction along the transverse direction, which
effectively increases the absorption coefficient. This also
explains the low optical absorption under ICPAT for a high-Q
cavities with a mirror coating [40]. Again, the dependence of
the optical absorption coefficients on the photon field within
the laser cavity is not accounted for by PAT as formulated
by Franz-Keldysh, justifying the different treatment here of
ICPAT.
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Fig. 8. (a) TL electrical output /c--Vcg family curves showing the collector
current increase due to ICPAT; (b) TL band diagram explaining the collector
current increase when ICPAT happens: electrons tunnel from the base valence
band to the collector conduction band and contribute to the total collector
drift current (/;cpar). Additionally, the hole creation and accumulation in the
base valence band (Apy) will draw more electrons from the emitter through
dielectric relaxation and create an additional base transport current /;7.

IV. TUNNELING MODULATION OF CURRENTS IN
TRANSISTOR LASER

A. Tunneling Modulation of Currents in Transistor Laser

A similar analysis was conducted on the TL electrical
outputs [40]. Figure 8(a) shows the TL [-V characteristic
with collector current /¢ as the electrical output. Unlike the
conventional transistor /-V behavior, the TL collector current
will increase significantly with junction bias due to ICPAT
and tunneling current gain, and the conventional transistor
saturation region is almost absent as the TL is in the lasing
state (I > 32 mA).
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B. Collector Tunneling, Base Dielectric Relaxation Transport
and Tunneling Transistor Current Gain

This behavior can be explained by ICPAT: as the tunnel-
ing rate increases with the collector junction electric field,
more electrons will tunnel from the base valence band to
the collector conduction band and contribute to the total
collector current. As shown in Fig. 8 (b), we denote the
TL base recombination current as I,1, the emitter-to-collector
transport current Iy, and the tunneling current as Ijcpar.
Holes created by tunneling will drift into the base as a
base tunneling injection current I;cpar and contribute to the
total base recombination as /. Under steady-state operation,
the base tunneling hole injection current I;cpar is equal to 1,2
to maintain a constant hole accumulation density Ap> near the
collector junction. The hole accumulation Ap, will break the
charge balance in the base and consequently lower the emitter-
base energy potential barrier to allow more emitter electrons
to enter the base via dielectric relaxation transport, causing
an electron accumulation Any to appear near the collector
junction to balance Apj. The electron accumulation Any will
inevitably drift to the collector and contribute to the 2"¢ base
transport current ;2.

Thus, we have:

Ic = Ico+ Alc = I1 + Ip + Iicpar (12)

where Icg is the collector current when ICPAT is negligible,
Al is the increase of collector current under ICPAT, I;; is the
emitter-to-collector transport current under normal transistor
operation, and I, is the emitter-to-collector dielectric relax-
ation transport current under ICPAT. Coupled with Eqn. (10),
this set of equations describes the duo output (electrical and
optical) characteristics of the TL tunneling operation.

To quantify the tunneling current, we denote the normal
transistor current gain as:

pr=1Ic/Ip ~ I /1

We further define a tunneling current gain S to account for
the tunneling-induced carrier transport associated with Any
and Apy:

13)

Bo =1/ 12 = I/ licpar

We may interpret f> in two ways: in the I/, form,
it describes the base transport factor when the emitter elec-
trons respond to the charge accumulation in the base; in the
L2/ Iicpar form, it describes how many more electrons are
brought to the collector for every photon absorbed during
ICPAT, i.e., the photon-electron conversion gain (a lower
bound estimate since the quantum efficiency of ICPAT may
not be one). Thus, the increase of the total collector current
under ICPAT becomes:

(14)

Alc = Iip + Iicpar = (B2 + 1) - Licpar (15)

The tunneling current I;cpar can be obtained by calculating
the photon absorption rate while converting to the electron
generation rate assuming a unity quantum efficiency. The
tunneling gain > can then be extracted and the result is shown
in Fig. 9(a).
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Fig. 9. (a) TL tunneling current gain f» as a function of the collector junction
bias; the tunneling gain increases with junction bias because of increased
ICPAT process with respect to the junction electric field; the tunneling gain
decreases with base current because of reduced base recombination lifetime
at higher base current level; (b) The ratio of the TL tunneling current gain
to the normal transistor current gain S| as a function of the junction bias; at
high bias, the tunneling amplification gain increase can be as high as 18 times.

Note that S, is always greater than zero as long as the
collector junction is under reverse bias, indicating that each
absorbed photon in the collector junction by ICPAT can
produce more than one electron at the collector terminal, thus
justifying the term “tunneling gain”. Since f> = I;2/1» and
1,7 is inversely proportional to the base recombination lifetime,
> will increase with Vcp for a given base current /p because
the base recombination lifetime will increase due to the loss
of photons at higher Vcp. The tunneling gain will decrease
with increasing base current at given Vcp because a higher
base current will reduce the base recombination lifetime.

The ratio of the tunneling current gain f> to the normal
transistor current gain f; is shown in Fig. 9(b). The 18x
enhancement is due to the fast electron transport through the
base region via dielectric relaxation. In a normal transistor,
the injected minority electrons are delayed by the base transit
time (7;p) to reach the collector. However, in the TL with
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ICPAT, the minority electrons respond to the injected majority
holes and can reach the collector via dielectric relaxation. For
typical TLs, the base is doped to ~2x10'" ¢m™3 and the
resistivity is calculated to be ~43%1073 Q - cm; thus, the
dielectric relaxation time is estimated to be 7 = ¢gre0p =
4.9 fs. Hence the electrical signal delay under tunneling
operation is limited approximately by the carrier drifting time
at the collector junction and the base recombination lifetime
at the base, as both the ICPAT tunneling time (~ 20 f5) and
the dielectric relaxation time (~ 5 fs) are negligible.

Concluding this section, we have identified and formulated
the TL tunneling operation principles: ICPAT will prevail at
high collector voltage bias, reducing the optical output while
increasing the electrical output. The amount of optical output
reduction is determined by the ICPAT absorption coefficient,
which is affected by the junction electric field strength and
the cavity photon coherency; for each photon absorbed, more
than one electron is generated at the electrical output, the ratio
of which is governed by the tunneling gain f,. This is
explained by the dielectric relaxation transport of carriers
in response to the tunneling process disturbing the charge
neutrality in the base region. We thus observe the tunneling
process profoundly modifying the TL optical and electrical
outputs, and we establish it as the basis for the ultrafast TL
tunneling modulation.

Finally, we summarize the different derivations of the
transistor current gain from Bardeen’s transistor to the TL
with and without tunneling operation. The Bardeen’s transistor
current gain £, defined by the ratio of the base current input
modulation to the collector current output, and the use of the
charge-control model in the base can be expressed as:

% _ B _
Oy~ e

In Eqn. (16), 7,1 is the bulk base recombination lifetime
which is inversely proportional to the base majority carrier
concentration, tgc is the emitter-to-collector minority car-
rier transit time, which can be separated into 7;p the base
transit time, and 74, the carrier drift time at the collector
junction. For a high-speed HBT structure with very thin
base (small 7;p), the collector junction drift time 74 needs
to be accounted for.

When QWs are added to the transistor base, the total base
carrier recombination lifetime 7g can be further reduced [15].
Thus the QW transistor current gain B1ow (spon) is derived as:

Thulk

Ic
1B + Tarift

pr="5=

=T (16)

1

01 9
B QW (spon) = B _ Thulk o wEow . O T, EQW
spon) — - ~
7t B+ Tdrift 7t B+ Tdrift 7t B+ Tarift
(17)

In Eqn. (17), O is the base storage charge for QW recombina-
tion, Q> is the base stored charge for the collector transport,
and 7, gow is the base transit time from the emitter to the
QW. The numerator in Eqn. (17) describes the reduction of
the total base recombination lifetime 7p due to the QW fast
recombination lifetime of (Q2/Q1)7, row. Note that in this
case the spontaneous recombination dominates.
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In the TL operation, the base recombination lifetime zp is
further reduced due to the QW shifting from spontaneous to
stimulated recombination, which analytically takes the form
of:

1

1 [ Q1 _ 1
,3 ( ) TB Tpulk + Q2 Tstim Q2 T, EQW
1 QW (stim) = =
B + Tdrift B + Tdrift
%Tstim
~ O (18)
B + Tdrift

In Eqn. (18), the stimulated recombination lifetime zy;,, is
proportional to the cavity photon density.

For the TL under tunneling operation, the transistor current
gain f1 ow (stim) is the same as Eqn. (18); the tunneling current
gain fo(unnery can be expressed as:

Lc
5 1o gAmvari  Varifi Ta
2(tunnel) = I,  1LowdApy ~ 1Low ~ 1Low
2 Tstim 2 Tyim 2 Tyim
Low .
N L_CTmm (19)
Tdrift

In Eqn. (19), Low is the distance from the QW to the
base-collector junction and L¢ is the length of the collector
junction. The tunneling current gain f> is approximately the
ratio of the QW stimulated recombination lifetime to the
carrier drift time at collector junction, which can explain
the observation in Fig. 9(a).

V. APPLICATIONS OF TUNNELING MODULATION

A. Tunneling Modulation of Light Output in Edge Emitting
Transistor Laser (EETL)

The previous sections have established the TL tunneling
modulation on both the optical and electrical outputs: the
optical output can be efficiently suppressed by ICPAT which
is field-dependent and more pronounced than PAT, and the
electrical output can be enhanced by ICPAT which brings more
than one electron to the collector output for every tunneling
electron. In both cases, the ultimate limit to the modulation
speed is the tunneling time, indicating the TL under tunneling
operation has an ultra-high inherent speed.

The first demonstration of the tunneling modulation on the
TL optical output was in 2007 [34]. The TL is biased at
a constant base current level (38 mA) and constant Vg at
1.8, 2.2, and 2.6 V, respectively; Vcg is modulated with a
200 mV peak-to-peak square-wave at 1 GHz frequency. The
optical output is shown in Fig. 10. Note at higher Vg (or
equivalently,Vp) the TL optical output will drop significantly
due to ICPAT, thus the optical output signal-to-noise ratio at
Ver = 2.6 V (Fig. 10(c)) is very low.

B. Tunneling Modulation of Light Output in Vertical Cavity
Transistor Laser (VCTL)

Following the development of oxide-confined edge-
emitting diode laser (EEDL) and VCSEL [17]-[21], the
possibility of using a vertical structure for the transistor
laser (VCTL) on oxide confined npn structure to improve
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Fig. 10. Circuit schematic showing the TL tunneling modulation experiment
setup, and the TL optical output under tunneling modulation at different Vg
biases: (a) 1.8, (b) 2.2, and (c) 2.6 V; the input is a 200 mV peak-to-peak
square-wave at 1 GHz frequency. The optical output response decreases with
increasing Vg due to ICPAT reducing the cavity photon density.

efficiency was explored and demonstrated at 80°K [42].
Room temperature operation of pnp structure of VCTL was
first demonstrated [43]. The schematic device diagram of
an oxide-confined vertical cavity transistor laser (VCTL) is
shown in Fig. 11 (a). The lateral oxidation layer underneath
the emitter metal for current and optical confinement is
achieved by trench opening and deep oxidation. The scanning
electron microscopy image of a selectively oxidized VCTL
with an active area of 7 x 5 um? is shown in Fig. 11 (b).

The oxide-confined VCTL yields better electrical and opti-
cal confinement and leads to a higher cavity Q compared
with the edge-emitting structure. The emission spectra of a
4.7 x 5.4 ,um2 VCTL at Ip = 2,3, and 4 mA are shown
in Fig. 12. When Ip = 2 mA, the magnified (x100) spon-
taneous spectrum shows three distinct peaks near 968 nm.
When Ig > Ip 7y, the fundamental mode dominates. The
inset shows in log scale the lasing peak at 970.96 nm with a
side-mode suppression ratio (SMSR) of 31.76 dB and a full-
wave half-maximum (FWHM) of 0.23 A (corresponding to
Q=42216)at Ip =4 mA and Vcp =5 V.

We proceed to demonstrate the microwave bandwidth of a
selective-oxide confined VCTL employing both current and
voltage modulation. Figure 13 shows the measured mod-
ulation responses of a VCTL at three different biases at
80 K (common-emitter setup). In addition to the usual direct
current modulation at the base-emitter (BE) port, the VCTL
can also be directly voltage-modulated at the collector-
emitter (CE) port. The light emission is collected by a fiber
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Fig. 11. (a) Schematic of an oxide-confined VCTL; (b) SEM top view of
7 x5 um? VCTL showing the emission region and the trench opening region
used for oxidation.
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Fig. 12.  The emission spectra of a 4.7 x 5.4 um? VCTL.

and coupled into a high-speed photodetector. At Vcgp =3.5V
and Ip = 1.5 x Ipyy = 3.6 mA, the device operates
in the saturation mode with both BE and BC junction in
forward bias. Similar to diode laser, the carriers injected from
the two junctions will pile up in the active region and the
storage charge accumulated delays the QW recombination
and consequently the signal switching, resulting in a lower
bandwidth at f_3;5p = 6 GHz. When the device is biased
at Vcp = 5 V andlp = 3.6 mA, the BC junction becomes
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Fig. 13. Resonance-free optical responses of the microwave modu-
lated common-emitter VCTL are measured with base-emitter (BE) current
input (blue) or collector-emitter (CE) voltage input (red) at three different
biases. A f_34p = 11.1 GHz resonance-free optical response is demonstrated.

reverse-biased and the device operates in the forward active
mode. The tilted charge distribution in the base region (no
carrier pile-up effect) reduces the storage charge, which is
forced by the reverse-bias BC junction boundary condition
and allows the transistor to have fast e-h recombination
lifetime and operate at a higher speed with a nearly resonance-
free frequency response curve. Thus, a higher bandwidth of
f=3ap = 9 GHz is obtained. Further increasing the cavity
photon density by raising /g /Ip,r# = 2.5 enhances the f_34p
to 11.1 GHz, which is obtained at Vcg =5 V and Ig = 6 mA.
Note that the typical diode laser’s resonance peak (due to
slow e-h recombination and charge pile up) is absent from
the device’s optical output frequency response under both
base-current or collector-voltage modulation up to 11 GHz,
despite the high emitter resistance of 603 Q. In all cases,
the VCTL under collector-voltage tunneling modulation has
demonstrated higher bandwidth than under current modula-
tion. With further reduction of parasitic and device scaling,
the VCTL can become the ideal laser source for high-speed
and high-signal integrity data communication.

C. Signal Mixing and Frequency Multiplication with a
Tunneling Transistor Laser [37]

Above-threshold signal mixing is made possible by the
nonlinear coupling of the high internal coherent optical
field (hv) to the base electron-hole recombination (/g ), minor-
ity carrier (electron) emitter-to-collector transport (/g), and
the base-to-collector electron tunneling (/;cpar) at the col-
lector junction. The coherent photons generated at the QW
via electron-hole recombination interact with the collector
junction field (Vcp) and assist electron tunneling from base
to collector, resulting in a hole re-supply current (I;cpar)
into the base region and a reduction in the coherent optical
field (photon absorption). In addition, unique to the tran-
sistor, the positively charged holes re-supplied to the base
will raise the electrical potential of the base and reduce
the base-emitter potential difference (Vpg), causing minority
electrons to be injected into the base from the emitter (/).
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Fig. 14. Signal mixing experiment results with a tunnel junction TL in the
common-emitter configuration, producing optical output with harmonics at
mfi £nf,. The input tones are of equal RF power (0 dBm) at 2 and 2.1 GHz.

The current amplification (01 /dIjcpar) is possible depending
on the transistor structure. This, together with a change in
the coherent optical field, results in a change in the minority
carrier population in the base region (and QWs), and hence,
in the stimulated and spontaneous electron-hole recombination
rate (Ip). Furthermore, ICPAT is known to exhibit a highly
nonlinear absorption behavior as a function of the collector
junction bias V¢pg, shown in Fig. 7.

A three-terminal tunnel-junction TL, when used as a non-
linear microwave device, is much more convenient for circuit
matching. It utilizes the nonlinearity from the strong coupling
between the minority carrier injection (/g), the electron-hole
recombination (/p), and the collector junction field (Vcp),
mediated by ICPAT (Ijcpar) at the collector junction.
Figure 14 shows the signal mixing outputs of a tunnel-junction
TL with f1 = 2 GHz applied to the BE port and f> = 2.1 GHz
applied to the CE port (tunnel junction); harmonics up to
20 GHz are observed. The tunnel-junction TL therefore
emerges as a new nonlinear signal processing (adding and
mixing) device operating above laser threshold for improved
optical output power. It can serve as a powerful nonlinear
optoelectronic component for applications such as frequency
multiplication, frequency synthesis, and signal processing.

D. Tunneling Modulation for Optical and Electrical
Bistability in Transistor Laser [44]

The inherent electron-photon coupling mechanism in the
TL implies the electrical and optical outputs are strongly
coupled as well. Figure 15 shows the TL electrical Ic-Vcg
and optical L-Vcg curves at 10 °C. When Vg increases
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Fig. 15. The TL electrical Ic-Vcg and optical L-Vcg hysteresis at 10 °C.
When Vg increases from 3.33 to 3.43 V, the I¢ and L (red) move forward
from point (C) to (A); I¢ increases, and L drops because of increased
tunneling at higher collector junction bias, but the optical output is still in the
coherent emission state with the TL base operates in stimulated recombination.
When Vg further increases from 3.43 to 3.51 V, the /¢ and L (red) move
forward from point (A) to (D); the optical output eventually shifts from
coherent to incoherent state when the cavity photon density drops below the
coherent threshold (V7 = 3.46 V in this case) and the TL base operates
in spontaneous recombination, thus the sudden decrease of L. The sudden
increase of I is due to the higher transistor current gain when the base
recombination rate is reduced.
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from 3.33 to 3.43 V, the Ic and L (red) move forward
from point (C) to (A); Ic increases, and L drops because
of increased tunneling at higher collector junction bias, but
the optical output is still in the coherent emission state with
the TL base operates in stimulated recombination. When Vcg
further increases from 3.43 to 3.51 V, the I¢ and L (red) move
forward from point (A) to (D); the optical output eventually
shifts from coherent to incoherent state when the cavity photon
density drops below the coherent threshold (Vry = 3.46 V in
this case) and the TL base operates in spontaneous recombi-
nation, thus the sudden decrease of L. The sudden increase of
Ic is due to the higher transistor current gain when the base
recombination rate is reduced.

When Vg decreases from 3.51 to 3.43 V, the Ic and
L (black) move backward from point (D) to (B); the TL optical
output is still in the incoherent state with the base operating in
spontaneous recombination. When Vg further decreases from
3.43 to 3.33 V, the I¢ and L (black) move backward from
point (B) to (C); the TL cavity loss is eventually reduced below
the optical gain and the stimulated emission can kickoff, thus
the optical output shifts from incoherent to coherent (lasing)
at Vry = 3.4 V. Thus, we see a TL electro-optical bistability
realized and demonstrated as it switches between the coherent
state (A) and the incoherent state (B).
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The TL electrical and optical output hysteresis observed
above are due to the different time delays associated with
either photon generation or photon absorption. The time
delay for the electrical and optical stepping-up is expected
to be shorter due to the fast-tunneling process efficiently
reducing the cavity photon density. The tunneling time is
estimated to be ~6 to 8 fs measured by field emission
microscopy [45] or ~20 to 50 fs by calculation [46]. The time
delay for the electrical and optical stepping-down is expected
to be longer, owing to the slow photon generation rate via
spontaneous e-h recombination that is required to build up the
cavity photon density to reach coherent state, which is in the
picosecond range.

The coherent to incoherent switching behaviors as a func-
tion of base current biased dependency in transistor laser
family characteristics of collector Ic-Vcg and optical L-Vcg
as shown in previously published ICPAT paper [35]-[42],
we have observed the switching occurs at lower collector
voltage as base current increases (more coherent photons in
the cavity — higher photon-field). This provides the clearly
evidence of photon-field enhanced e-h tunneling process.

E. Tunneling in Transistor Injected Quantum-Cascade
Laser [47]

The transistor-injected quantum cascade laser (TI-QCL) is
inspired by the three-terminal transistor laser. The key feature
of TI-QCL is to incorporate the active region of QCL between
the p-type base and the n-type collector of an n-p-n transistor.
The transistor structure allows separate control of current
through the quantum cascade active region and voltage drop
across the region. This would enable stable spectral output
from the electron inter-subband transition and separation of
current and voltage modulation.

The inserted quantum cascade region in the base-collector
junction also forms a tunable barrier for electrons to transition
from the base into collector which controls the radiative base
recombination. As the quantum states in the incorporated
cascade region align to create decent spatial overlap foe
designed inter-subband emission, the impedance to electrons
flowing out of base is reduced and so is recombination lifetime.
When the quantum states are off-aligned the impedance to
electrons escaping the base is enhanced and so is the radiative
base recombination. The modulation of the base recombination
through the alignment of the quantum states is a unique feature
of TI-QCL which promises to have more applications.

VI. CONCLUSION

The tunneling modulation of the transistor laser is real-
ized by controlling the intra-cavity photon-assisted tunnel-
ing (ICPAT) optical absorption at the collector junction with
junction bias. Based on analysis of experimental data and
knowledge of transistor fundamental operations, we formu-
lated the carrier balance equations in the presence of ICPAT
and revealed the inherent electron-photon coupling, which
established the transistor laser tunneling operating principles
governing both the electrical and the optical outputs.
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As a result, the transistor laser’s coherent light output can
be modulated by either base current injection via stimulated
photon generation or base-collector junction voltage bias via
optical absorption, making transistor laser a unique two-input
laser source. The tunneling modulation scheme, physically
limited by the tunneling time (~femtoseconds), is theoretically
much faster than the current modulation which is limited
by the carrier recombination lifetime (~picoseconds); thus,
the transistor laser with proper scaling and parasitic reduction
is a promising candidate to replace the current generation
diode lasers in future high-speed optical links and to push the
single-channel direct-modulation data rate to the 100 Gbit/s
regime.
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