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Abstract — We demonstrate the wavelength tunability via electro-thermal effect of field-induced
charge-separation lasers (FICSLs). A large 6.6 nm tuning range is achieved with only 4.6 mA of
tuning current.  This high tuning efficiency persists up to about 40 kHz.

I. Introduction

We have demonstrated a novel Field-Induced Charge-Separation Laser (FICSL) in a Vertical-Cavity
Surface-Emitting Laser (VCSEL) embodiment, which promises to increase the modulation bandwidth via
modulating the gain directly [1][2]. Recently, it was discovered that by adding the doping in the off-state well to
decrease the minority carrier lifetime, the non-radiative recombination rate in this region could be increased. As a
result, an intra-cavity electro-thermal tuning region was formed where electrons and holes recombined and emitted
phonon energy. This enables FICSLs to be operated as a tunable VCSEL for wavelength division multiplexing
(WDM) systems, complementing the well-studied MEMS tunable VCSELSs [3][4] as well as other electro-thermal
tunable VCSELs [5].

I1. Intra-cavity electro-thermal tuning region
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Fig. 1. (a) Schematic of a FICSL showing an intra-cavity electro-thermo tuning region (b) Band diagram showing different current flows

The schematic of a FICSL is shown in Fig. la, with the one-dimensional band-edge diagram near the active
region along the longitudinal direction shown in Fig. 1b. To separate electrons and holes, a quantum barrier was
deliberately created through bandgap engineering. When a gate bias is applied, holes are driven away from the
quantum well into the off-state well, and start to accumulate. As the off-state well is doped n-type, holes and
electrons will recombine at a rate determined by the doping level. This recombination rate can be pre-determined

by material growth: the higher the n-doping is, the shorter the minority carrier (hole) lifetime, and the higher the
recombination rate will be.

At equilibrium, electrons and holes consumed by binomial recombination have to be replenished from the gate
and the injector respectively. According to Kirchhoff’s circuit law, the hole current flowing into the off-state well
has to be equal to the electron current supplied by the gate, and equal to the recombination current in the off-state
well. The hole current coming from the injector will be split into two streams: the radiative recombination current
which contributes to the lasing mode, as well as the hole sweeping current into the off-state well. As the optical
output power was predominantly determined by the radiative recombination in the quantum wells, the non-radiative
recombination in the off-state change the lattice temperature in proximity, resulting in an index change as well as a
cavity mode shift. The lasing wavelength will be tuned as a result.



(@ o (b) 1010 0 () s
Ljias =1mA 1008 Lias = 1IMmA . i ) Ljias = 1IMA
oma 1mA 2mA e 9 f3q5 ~ 40kHz
& -20 - 4 — — _ 46mA = e 2
g E, 1006| - o <100 %
= = < - s ¢
G S 1004 s 180 B =
2 2 g ) 2
g -0 s " € E
- 5
H 2 1002 5 gu-n" 60 & 3
2 i e 2
[ 3 =
g 60 § 1000 00000 00:000990000.40.0000 o, 40 g
> 3
998 {20 2
! H
80 906 . . . . o - -
1000 1002 1004 1006 1008 1010 [) 1 2 3 4 5 10° 10° 10" 10° 10° 10’
Wavelength (nm) Tuning Current(mA) Modulation frequency (Hz)

Fig. 2. Room temperature wavelength tuning of a 3 pm device with Iy, = 1 mA (a) lasing spectra with different Iyuing. (b) Peak wavelength

and side mode suppression ratio (SMSR) vs. Iuing. (¢) Dynamic tuning characteristics with a cut-off frequency f3us ~ 40 kHz.

II1. Device Design

To demonstrate the tuning effect, A p-i-n-i-n three-terminal device was grown and fabricated, similar to the
structure reported before [1]. The doping level in the off-state well was increased to reduce the hole life-time and
promote recombination. Devices with smaller oxide apertures were fabricated to suppress side modes and allow
single-mode operation.

IV. Experimental Results

Two current sources were required for characterization: one for the constant bias current, Iy;,s, and the other for
the variable tuning current, Iyuin,, With the configuration shown in Fig. 1a. A device with a 3 pm aperture was
chosen as it operated with single-mode up to 1.6 mA of I;,;. The spectra were recorded by an optical spectrum
analyzer (OSA) with the side-mode suppression ratio (SMSR) calculated accordingly. Fig. 2a shows the lasing
spectra, and Fig. 2b shows the peak wavelengths and SMSRs with different Lynin,. A continuous tuning of 6.6 nm
was achieved with 0 to 4.6 mA of tuning current, while the device maintained single-mode within this tuning range.
The wavelength change versus stage temperature was characterized to be 0.0698 nm/°C.

The dynamic characterization was performed by driving the device with a sinusoidal Iy, With a function
generator. The wavelength detuning was then determined by the spacing between the two major peaks on the OSA.
For the 3 pm device, the detuning at low frequencies was around 1.69 nm. At high frequencies, this mode spacing
decreased with a 3dB cut-off frequency around 40 KHz, as shown in Fig. 2c.

V. Conclusion

We have demonstrated the electro-thermo wavelength tuning model for FICSLs. The minority carrier lifetime
in the off-state well was reduced by doping to accelerate non-radiative recombination, creating an intra-cavity
electro-thermo tuning region to change the cavity mode location. Both static and dynamic experimental results
were presented, showing large tuning range with single mode operation.
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