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Bandwidth extension by trade-off of electrical and optical gain
in a transistor laser: Three-terminal control
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We present data and describe analytically the “trade-off” between collector current gain and the
differential optical gain of a heterojunction bipolar transistor laser (TL). The electrical-optical gain
relationship shows that a reduction in the transistor current gain is accompanied by an increase in
the differential optical gain of the TL and, as a consequence, results in a larger optical modulation
bandwidth. Third-terminal electrical control can be used to enhance the optical bandwidth of a TL

beyond the “gain-clamped”

cutoff limitation of the carrier-photon (population) resonance

characteristic of a diode laser. © 2009 American Institute of Physics. [DOI: 10.1063/1.3068489]

The transistor laser (TL)," operating simultaneously as
a transistor and a laser, provides both a high impedance out-
put with current gain, B(=I./I), at the base-collector junc-
tion and laser emission from stimulated base electron-hole
recombination. It exhibits and gives access uniquely to two
forms of gain: electrical and optical. In the present work the
“trade-off” between collector current gain and the differential
optical gain in a quantum-well base heterojunction bipolar
TL is studied and shown to make possible, because of the
gain trade-off, improved optical bandwidth. This is possible
only with a three-port electrical-optical active device, which
in the case of the TL, is a consequence of the photon-carrier
interaction occurring in conjunction with emitter-to-collector
carrier transport in competition with base recombination. The
nature of the photon-carrier interaction and gain trade-off
in a TL can be described analytically by modifying and
extending the Statz—deMars coupled photon-carrier rate
equations.}5 Based on the calculated gain trade-off and third
terminal device control, significant improvement in the opti-
cal modulation bandwidth of the TL is achieved.®

The devices studied in this paper are n-p-n hetero-
junction bipolar transistors (n-InGaP/p-GaAs
+InGaAs quantum well (QW)/n-GaAs) similar to those
employed in Refs. 4—7. The TLs used for this study have a
cleave-to-cleave emitter-base cavity length of 200 wm. The
p-type base region contains an active InGaAs QW with
width of L,~120 A. The recombination outside the QW
(p-GaAs) is negligible compared to the recombination in the
QW region. By considering the continuity condition applied
to the base population number at the QW active region (N in
Fig. 1) and the cavity photon population number Np, we
obtain for the Statz—deMars rate equation,S_5
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where I and I are the emitter and collector currents, 75 g,on
is the effective spontaneous carrier lifetime, v < is the photon

group velocity, g is the laser optical gain, and the optical
confinement factor I'=Vcive/ Vo Vop i the effective optical
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mode volume and V.. is the effective volume of the active
QW region. To simplify the analysis, only a single laser
mode is considered; hence, higher order effects such as the
transition in operation to the first excited state are ignored.7’8
Equation (1) for dN/dt=0 is written in differential form and
for the optical gain gives the expression

,(1 1
I'g'=\—-
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where g’ =dg/dn is typically defined in terms of carrier den-
sity at the active volume (QW) with n=N/ V.. To arrive at
Eq. (2), the following substitutions have been used: the quan-
tum efficiency is 7;=0dNp/JIN and the effective recombina-
tion current is olp— dl-=qON/ Tz, where 7 is the effective
carrier lifetime including the effects of both stimulated
and spontaneous recombinations. From transistor charge
analysis5 7 1s related to the carrier transit time from emitter-
t0-QW, 7,5, and to the tilted emitter-to-collector base
population by the relation 1/7p=1/7,+«/7,,, where «
=0,/(Q,;+0Q,) defines the proportion of injected carriers
transported to the QW and 7 is the recombination lifetime
of carriers in the region outside the QW. Q; and Q, are the
carrier populations that transport carriers to the reverse-
biased base-collector junction and to the QW, respectively
(Fig. 1). Since the recombination radiation emission outside
the QW may be considered negligible (i.e., 7> 7;1, 7,2),
the fraction « is related to the current gain, S=1-/1Ip, of the
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FIG. 1. Charge analysis of the base minority carrier density of a TL illus-
trating the continuity condition applied to the minority carrier population
number at the base QW active region. The arrows Iy, I, and /- denote the
flow of minority carriers (electrons).
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FIG. 2. (Color onlme) Plot of fo . vs B of the TL in Ref. 6. To obtain the
data points (B, f ., the bias condltions (I, Vcg) are varied with the BC
junction (VCB>0) in usual reverse bias. The least-squares fit to Eq. (6)
(solid line) yields the values (1.32/2m)* '/ 7,,7,=1.6 X 10’ GHz? and 7,,
(1/ 75 spon+T'0,g 77;)=0.17 (unitless).

TL by noting that Ic=0,/7,; and Iz= Q2/Tt2 The transit
times are given by 7, = %C/ZD and 7,,= EQW/2D where
Wge is the emitter-to-collector dlstance and Wgqyw is the
emitter-to-QW distance. For D=26 cm 2/s, Wge=880 A and
Weow=590 A, 7,1=1.5 ps and 7,,=0.67 ps. We obtain

1

~ 3)
B(Wec/ Wigw)* + 1
and
1 1 1
P |: : :| T (4)
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To obtain values of the differential optical gain, I'g’, the L-I

relation v,a,,Np=7.x(Iz—Ity)/q is substituted into Eq. (2)
to express Np in terms of quantities that may be obtained
experimentally. The factor ¢, is the distributed mirror loss,
Iy is the threshold base current, and 7, is the external
quantum efficiency. With these substitutions, Eq. (2) be-
comes

1 1
I'g' = —7"2< +Tv gn,)]
B(WEC/ ‘/VEQW)2 +1 ' B ,spon ¢
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Equation (5) exhibits the gain trade-off relation where
a reduction in B accompanies an increase in the differen-
tial optical gain, I'g’. By substituting the expression for
the optical modulation bandwidth at —3 dB, fo
~(1.32/2m)\T'v,g'Np/ T, Vopt, we may express Eq. (5) in a
form convenient to use to extract the values of the numerical
constants I'/7,,7, and 7,,(1/ 7 spon+1'v,g7;) from the ex-
perimental data. This yields

)
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FIG. 3. (Color online) (a) Plot of the calculated differential optical gain vs
current gain of a TL (see Ref. 6) using Eq. (5) and the experimental values
@,=59 cm™, Ity=19 mA, 7,,=16%, V,e=6.7X10"12 cm® (emitter
width of =3 um), and steady-state conditions with I;=40 mA, and Vg
=1.5 V. (b) TL measured optical response (see Ref. 6) and the correspond-
ing calculated response for (1) the dc bias case of no auxiliary ac bias signal,
(2) the reference ac bias case assuming in the model no gain trade-off, and
(3) the ac bias case of the differential optical gain enhanced with auxiliary
biasing and gain trade-off.
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The data for optical bandwidth f of interest here are
obtained by direct modulation of a TL as in Ref. 6. The TL is
operated in its normal active mode, i.e., with its base-
collector junction in reverse bias. The gain S, in general,
varies as a function of bias Iy and Vg and is obtained di-
rectly from the collector I-V characteristics (Ref. 6). A
straight line, linear least- squares fit to the measured data, fopl
versus 1/[B(Wgce/ Weqw)?+ 1], yields the values for the con-
stants in Eq. (6) [Fig. 2(a)]. The plot of fo . versus S in Fig.
2(b) using the constants obtained from the least-squares fit-
ting is consistent with the measured data. Some deviations
are expected due to the simplifying assumptions made in
arriving at Egs. (2)—(4), and device limitations such as lateral
resistance and loss and nonlinear effects that are not ac-
counted for. Equation (6) implies that a TL system (of a
given layer structure and design) with a larger intrinsic cur-
rent gain 8 would inherently have more “room to trade” for
improvement in the optical bandwidth.

Using the values of the constants obtained from Fig. 2,
we calculate and plot in Fig. 3(a) the differential gain I'g’
versus the current gain B. In the same figure, we plot experi-
mental results showing that f,, is improved from 10.5 to
22 GHz by using an external low-frequency auxiliary base-
biasing signal.6 In the case of auxiliary biasing, the gain 8
decreased from 1.3 to 0.5, conveniently making possible
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trade-off in electrical and optical gains. In the earlier work of
Ref. 6, I'g’ is obtained by the alternative procedure of fitting
the measured frequency response over a range of microwave
frequencies (2-20 GHz) to the expression H(w)/(1
+jf!f5 q8), where H(w) is the intrinsic laser response given
by the solution of the coupled photon-carrier rate
equation.3’5 The 3 dB pole, f3 g, is determined by the para-
sitic base emitter and base-collector junction charging time
[Fig. 3(b)]. The differential optical gains obtained are I'g,.
=7.2%1071 ¢cm? with and gi.=3.6X 1075 cm? without
the effect of the auxiliary bias signal [curve 1 in Fig. 3(b)].°
The response assuming no gain trade off in the model (i.e.,
the “gain-clamped,” B and I'g’ fixed during laser operation)
is plotted as curve 2 in Fig. 3(b). Curve (2) based on the
usual theoretical treatment of carrier-photon laser dynamics,
where the bandwidth is enhanced by a higher photon density
but the differential optical gain is fixed (“clamped”), does not
explain the observations. The experimental observations®
agree well only if we use the “gain trade-off” model [curve 3
in Fig. 3(b)] described here leading to Eq. (5). Note that
since we are dealing with a TL and a tilted emitter-to-
collector carrier population, no photon-carrier resonance is
apparent.

Concluding, we show that in the three-terminal TL the
current gain 8 may be “traded” for improvement in the dif-
ferential optical gain and consequently in the optical band-
width. Unique to the TL, i.e., trade-off of one gain for
another [Eq. (5)], a reduction in the electrical gain 8 comple-
ments and yields an increase in the differential optical gain
I'g’. The two gains, electrical and optical, are coupled. This
can be confirmed using an external low-frequency auxiliary
base signal to reduce the gain B, thus increasing the base
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recombination, the photon density, and enhancing the optical
bandwidth. Note that gain trade-off is much more convenient
to increase the cavity photon population than optical meth-
ods such as Q-switching. The TL capability to trade-off cur-
rent gain for optical gain and bandwidth provides an oppor-
tunity for greater design flexibility in optoelectronics and, in
addition, circumvents (with a tilted dynamic emitter-to-
collector carrier population) the bandwidth limitations of a
“gain-clamped” carrier-population photon-density resonance.
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