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Abstract: Dual-transverse-mode AlGalnAs/InP square microlasers with the frequency intervals in the range from
several GHz to sub-THz are demonstrated. A sub-THz signal of 103.2 GHz is successfully obtained with a
uni-traveling-carrier photodiode. For extending the frequency range to THz, deformed square microlasers with the
flat sidewalls replaced by circular-arcs are proposed. An increase of mode interval and an enhancement of mode
quality factor are realized simultaneously according to numerical simulation results. Furthermore, the stability of
dual-mode lasing is verified by a nonlinear gain analysis based on the simulated mode field distributions. For the
AlGalnAs/InP deformed square microlasers, beating signals with the frequencies of 0.43, 0.31, and 0.16 THz are
demonstrated by an autocorrelation measurement, which indicate the microlasers as a novel architecture for the THz
wave generation.
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1. Introduction

Terahertz (THz) waves, which fall in between infrared light waves and microwaves, have
attracted considerable attention because of their potential applications in medical imaging, sensor
technology, THz communications, and non-destructive detection [1-4]. Various THz sources
based on electronic or optoelectronic devices have been investigated, among which the
optoelectronic method is a promising technique. By using the optical heterodyne technique,
various dual-wavelength semiconductor lasers operating around 1550 nm have been studied for
the THz generation, due to their merits of compact structure and low power consumption, [5-13].
Two solitary distributed feedback (DFB) or distributed Bragg reflector (DBR) lasers were firstly
used as the sources for optical beating [5, 6]. In order to realize a more compact device with
stable wavelength interval, monolithically integrated dual-mode DFB or DBR laser was applied
[7-10]. A broad tuning of the frequency interval was realized in an external-cavity laser by
changing the grating angles [11]. However, dual-mode DFB or DBR laser requires a precise
control of the gratings by a complex electron-beam direct-writing technique [12, 13].
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Whispering-gallery modes (WGMSs) square microlasers were investigated as potential light
sources for on-chip optical interconnection and photonic integrated circuits [14-18]. The robust
structure design of the square microlasers permits a high tolerance in fabrication process. Square
microresonators with a vertex waveguide can support both the fundamental and the first-order
modes with high quality (Q)-factor, which results in dual-mode lasing of the square microlasers
[16, 17]. Dual-mode lasing with a tunable interval was demonstrated in a 30-u«m-side-length
square microlaser with a patterned injection window for generating tunable microwave signal
[16]. A smaller size device with a higher frequency beating signal at sub-THz is demonstrated
using uni-traveling-carrier photodiode (UTC-PD) [17]. Although the transverse mode interval is
inversely proportional to the cavity size, dual-mode lasing is difficult to achieve by further
reducing the square size because of the low Q factor of the first-order mode. Therefore, we
propose deformed square microlasers with the flat side replaced by circular arcs to increase the
mode interval. For the deformed microsquare AlGalnAs/InP lasers with a side length of 16 um
and a 1.5 um-wide vertex output waveguide, dual-mode lasing with wavelength intervals of 3.43,
2.46, and 1.26 nm is realized by changing the arc radius. The corresponding beating pulses with
the repeating frequencies of 0.43, 0.31, and 0.16 THz are obtained according to the
autocorrelation measurement.

2. Sub-THz signal generation based on dual-mode square microlasers

The square microlasers with a vertex output waveguide are fabricated using an AlGalnAs/InP
laser wafer with six pairs of compressively strained multiple-quantum-wells (MQWSs) as in [19].
The quantum-well and barrier layers with thicknesses of about 6 nm and 9 nm are sandwiched
between two 90 nm AlGalnAs separate-confinement heterostructure (SCH) layers. On top of the
upper SCH layer, there are a 1.2 um-thick p-InP upper confinement layer and a 0.1 um-thick
p*-InGaAs contacting layer. The square resonator patterns are transferred onto the SiO, layer
using contacting photolithography and inductively coupled-plasma (ICP) etching techniques, and
the laser wafer is etched to about 4.5 um using ICP technique again with the patterned SiO- layer
as a hard mask. Figure 1(a) shows the side-view scanning-electron microscope (SEM) image of a
square resonator after ICP etching. Figure 1(b) shows the top-view optical microscope image of a
fabricated square microlaser. The fabricated microlasers are tested at a temperature of 288 K by
butt-coupling a tapered single-mode fiber (SMF) to the cleaving facet of the output waveguide.
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Fig. 1 (a) Side-view SEM images of the waveguide-coupled microsquare resonator after the ICP etching. (b) Optical
microscope image of the fabricated microlaser after p-electrode metal deposition.

Figures 2(a) shows the lasing spectrum of a square microlaser with a side length of 20 xm at a
continuous injection current of 50 mA. Dual-transverse-mode lasing is realized with the peak
wavelengths at 1560.03 and 1559.74 nm, which corresponds to the fundamental (Oth-order) and
first-order (1st-order) transverse modes, respectively. The transverse mode interval is 0.29 nm,
and two weak four-wave-mixing peaks are observed, confirming the coexistence of the two
lasing modes. Figure 2(b) shows the experimental setup for detecting the beating signal. The laser
output is firstly pre-amplified by an erbium-doped-fiber amplifier (EDFA) and filtered by an
optical band-pass-filter (BPF). The filtered spectrum around the main peaks is represented in the
inset in Fig. 2(a). Then the filtered optical signal is detected by a 30 GHz PD and measured by an
electrical spectrum analyzer (ESA). As shown in Fig. 2(c), a main beating signal at 35.9 GHz is
obtained, corresponding to the frequency interval of the two lasing modes. The inset in Fig. 2(c)
shows the normalized spectrum around the peak in a linear scale. Using the Lorentz fitting, a
linewidth of about 12 MHz is obtained. The microwave linewidth is much smaller than the lasing
modes with the linewidths of 102 and 88 MHz, which are measured by the optical heterodyne
method with a narrow linewidth tunable laser. The results indicate that dual-mode square
microlaser can utilized for the microwave signal generation. Dual-mode lasing in one single
cavity can have strong mode coherence due to the overlap of mode fields and the synchronous
variation of carriers.
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Fig. 2 (a) Lasing spectrum for a square microlaser with a side-length of 20 um at an injection current 50 mA. Inset:
zoom in of the spectrum after EDFA and BPF. (b) Experimental setup for microwave generation. EDFA =
erbium-doped fiber amplifier; BP = band-pass filter; PD = photodiode; ESA = electrical spectral analyzer;
OSA = optical spectral analyzer. (c) Measured beating microwave signal. Inset: Lorentz fit of microwave
peak.
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Figure 3(a) shows the dual-mode lasing spectrum of a square microlaser with a side-length of
18 um at 32 mA. The lasing wavelengths of the Oth-order and 1st-order mode are 1550.37 and
1549.55 nm, respectively. The corresponding transverse mode interval is 0.82 nm, i.e., 103 GHz.
Figure 3(b) shows the schematic illustration of the experimental system for THz signal
generation using the dual-mode square microlaser. Differently from Fig. 2(b), a dual-drifting
layer based UTC-PD is used to convert the light to electrical signal [20]. In the UTC-PD, the
carrier overshoot effect is maintained even under high reverse bias owing to the optimized
electric field in the InP carrier drift region, and then a high bandwidth of 102 GHz and a high
saturation current are achieved simultaneously. The laser output was firstly amplified by an
EDFA with a gain of 32 dB and filtered by an optical BPF, and then applied to the UTC-PD. The
output was fed into an ESA with a Keysight 11970 W Harmonic Mixer. Figure 3(c) depicts the
observed sub-THz signal, which indicates a center frequency of 103.2 GHz with a linewidth of
~110 MHz according to the Lorentz fitting. The other signals correspond to the local oscillator
induced peaks in the frequency mixer. However, the unpacked laser and UTC-PD chips were
coupled with SMFs, and the signal linewidth was broadened due to the system instability and/or
signal drifting. We expect that a compact THz source with a high stability can be realized by the
integrating microlaser, amplifier and PD on a same chip.
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Fig. 3 (a) Lasing spectrum for a square microlaser with a side-length of 18 xm at 32 mA. (b) Experimental setup for
sub-THz signal generation based the dual-mode square microlaser. LO = local oscillator. (c) Measured
sub-THz wave spectrum using the dual-mode spectrum shown in (a) and the setup shown in (b).

3. Dual-mode deformed square microlasers with mode intervals in THz region
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Fig. 4 (a) 3D schematic diagram of a deformed square microlaser with an output waveguide connected to one vertex.
(b) 2D schematic diagram of the deformed square microresonator.
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In order to extend the frequency interval of the dual-mode microlaser to THz region, we
introduce a novel circular-side deformed square resonator, which can modify the lasing
characteristics by increasing transverse mode intervals and enhancing mode Q factors. The
circular-sides can work as concave mirrors for focusing the mode light beam, which is widely
used in conventional gas or solid laser systems but rarely used in microresonators with the size
comparable to the wavelength. Figure 4(a) shows the three-dimensional (3D) schematic diagram
of a deformed square microlaser with the square sides replaced by circular arcs, which is laterally
surrounded by a bisbenzo-cyclobutene (BCB) layer and connected to an output waveguide at one
vertex. Figure 4(b) shows the two-dimensional (2D) schematic diagram of the deformed square
microresonator, the side-length of the square resonator, the width of the waveguide and the curve
radius of the arcs are a, w, and r, respectively, where r is larger than the circumradius of the

squarefE iR IR IRBIG FHIE. &R IRIBRISI Y. . The deformation parameter o &R IRIRE]
BB, ARIRRBIE|FYE. isdefinedass =r—+r2—a?/ 4.

By solving the wave equation with the finite element method (FEM, COMSOL Multiphysics
5.0), we investigate the influence of the deformation on the mode characteristics numerically [18].
The microresonator with a = 16 um and w = 1.5 um is considered and the effective refractive
indices of the resonator and surrounded BCB are taken to be 3.2 and 1.54, respectively.
Transverse-electric (TE) polarization modes, with the z-direction magnetic field |H,| satisfying
symmetric condition relative to the centerline of the waveguide, are simulated. The mode field
distributions |H.| of the fundamental and the first-order transverse modes are plotted in Figs. 5(al)
and 5(a2) at 0 = 0, respectively, while Figs. 5(b1) and 5(b2) shows the corresponding mode field
distributions at 0 = 1.3 um. The modes fields of the fundamental and the first-order modes are
widely distributed in a square resonator as shown in Fig. 5(a). As a comparison, the mode field
patterns have narrow transverse field distributions in the deformed square resonator as shown in
Fig. 5(b), which results in ultrahigh mode Q factors as the field fields have small radiation loss at
the vertices.

O
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Fig. 5 |H,| field distributions of (al) the fundamental and (a2) the first-order modes in the square microresonator with
0 = 0, (bl) the fundamental and (b2) the first-order modes in the deformed square microresonator with
0 = 1.3 um. The fields on the right side including the output waveguide are magnified by two times for a clear
illustration.

Table 1 summarizes the calculated mode wavelengths and Q factors of the fundamental and the
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first-order modes as 0 = 0, 1.1, 1.3, and 1.5 um. The wavelength interval of the square microlaser
is only 1.04 nm, while the intervals are 4.05, 2.69, and 1.48 nm for the deformed square
microlaser with 6 = 1.1, 1.3, and 1.5 um, respectively. The detailed mode characteristics and
wavelength interval variation law can be found in [18]. The Q factors of the fundamental and the
first-order modes are 1.2>10* and 2.3x10°, respectively, as 6 = 0, i.e., for the square resonator
without the deformation. The corresponding mode Q factors are 1.3x10%, and 2.1<10%° as § = 1.3
um, which are almost seven orders of magnitude higher than that in the perfect square resonator.
The ultra-high passive mode Q factors of the fundamental and the first-order transverse modes
will result in dual-mode lasing, as they can have near equal mode Q factors accounting the
internal absorption loss.

Then we demonstrate the stability of dual-mode lasing for square resonator microlasers based
on nonlinear gain analysis of density matrix formalism [21]. Accounting the nonlinear gain, the
mode gain Gn of mode m can be expressed as

Gm :gm_sz(§)< (l)

where gm is the first-order gain coefficient and S is the photon density of mode k. The third order
gain coefficient Gm(k) is related to the overlap between the intensity of the mode m and the
spatial distribution of the carrier hole burning caused by the mode k as

(2)

C 2
Gm(ﬁ'lJrTmlkﬂ FAr)R (r

where Fn(r) and F(r) are the field distributions of modes m and k, c is a constant proportional to
the linear gain and relates to the carrier intraband relaxation times, and 1/(1+dmx) comes from the
numbers of field component combinations in squared electric field. Based on dual-mode rate
equation analysis, the dual-mode stationary solution is stable if and only if the cross-saturation
coefficient is smaller than the self-saturation coefficient, i.e., the ratio of Gm(k)/Gk(k) < 1(m#k)
[22].

Tab. 1 Calculated mode wavelength, Q factors, and the ratio of cross saturation coefficient to self-saturation

coefficient
5 (um) 0 1.1 1.3 15
Mode Oth 1st Oth 1st Oth 1st Oth 1st
Wavelength (nm) | 1531.32 | 1530.28 | 1555.45 | 1559.49 | 1559.55 | 1562.25 | 1563.54 | 1565.03
Q factor 1.2x10* | 2.3x10° | 1.3x<10° | 5x10* 1.3x10" | 2.1x10%° | 1.2x10™ | 4.9%10°
Gowy/Goyy 0.95 0.95 0.64 0.83 0.66 0.82 0.82 0.67

In the square resonator, the mode field patterns are determined by the mode numbers p and q,
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which denote the wave node numbers along the directions of the square sides [23]. Both p and g
are different between the nearby high Q WGMs, even if they have the same longitudinal mode
number or transverse mode number. For example, the fundamental and the first-order transverse
modes with the same longitudinal mode number will have the mode numbers of (p, p+2) and (p-1,
p+3). So the ratio of the cross-saturation coefficient to the self-saturation coefficient should
satisfy the stable condition of dual-mode stationary solution. For the deformed square, the
ultra-high Q modes with mode field patterns as shown in Figs. 4(b) are mainly determined by the
longitudinal and transverse mode numbers again, instead of the aforementioned mode numbers p
and g. We have found that the nearby fundamental and first-order transverse modes belong to
different longitudinal mode numbers as ¢ > 0.6 um, due to the increase of the transverse mode
interval [18]. So they should also satisfy the stable condition for dual-mode lasing. Based on Eq.
(2), we calculate Gm(k)/Gk(k) for nearby ultra-high Q modes as 6 = 0, 1.1, 1.3 and 1.5 wm and
summarize the results in Table 1, where the subscripts “0” and “1” indicate the fundamental and
the first-order transverse modes, respectively. The ratios are close to 1 at 6 = 0 and far smaller
than 1 at 6 = 1.1, 1.3 and 1.5 wm. Considering the stable condition for dual-mode lasing and high
Q factors, dual-mode lasing can be expected for the deformed square microlasers by choosing a
suitable deformation value.

Using the same fabrication process as the square microlasers, we fabricate the deformed square
microlasers with side-lengths of 16 um and 6 = 1.1, 1.3 and 1.5 um. The measured lasing spectra
at 31 mA are shown in Figs. 6(a)-6(c) for the microlasers with ¢ = 1.1, 1.3 and 1.5 um,
respectively. The side-view SEM image after ICP etching is shown in the inset of Fig. 6(a), and
the top-view optical microscope image is shown in the inset of Fig. 6(b). The fundamental, the
first-order, the second-order, and the third-order transverse modes are assigned by comparing the
experimental spectra with the numerical simulation results, and marked by circles, triangles,
squares, and pentagrams, respectively. Two main transverse modes lasing simultaneously are
clearly observed with the wavelengths of 1553.84, 1552.44, 1555.25 nm for the fundamental
transverse modes, and 1557.27, 1554.9, 1556.51 nm for the first-order transverse modes, as
0 =1.1, 1.3, and 1.5 um, respectively. The corresponding mode intervals A4 are 3.43, 2.46, and
1.26 nm, respectively.The intensity ratios between the two lasing modes are 0.5, 0.2, and 0.5 dB,
and the intensities of the other peaks are more than 23 dB lower than the main lasing modes.
Although super high Q factors are obtained simultaneously for multi-transverse-mode in the
simulation, the 2D model does not consider out-of-plane radiation, which may reduce the Q
factors of the higher order transverse modes greatly.
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Fig. 6 (a)-(c) Lasing spectra for the deformed square microlasers with a= 16 andw = 1.5at § of 1.1, 1.3, and 1.5 um,
respectively. The Oth, 1st, and 2nd, and 3rd order transverse modes are marked by circles, triangles, squares,
and pentagrams, respectively, with the open, half-filled, and solid symbols belong to different longitudinal

modes. Insets in (a) and (b) are a side-view SEM image after ICP etching and a top-view microscope image
of a deformed square microlaser.

Finally, we demonstrate the generation of THz beating pulses based on the deformed square
microlasers by the autocorrelation measurement. As is shown in Fig. 7(a), the dual-mode output
signal of the deformed square microlaser is pre-amplified by an EDFA. Then the amplified
output is filtered by a tunable optical BPF, and split up two parts. 1% of the light is injected to an
OSA for monitoring the optical spectra and 99% of the light are further amplified and injected to
the auto-correlator to detect the beating signals after the fiber polarization controller (FPC). The
autocorrelation pulse trains are measured and plotted in Fig. 7(b) for the deformed square
microlasers as ¢ is 1.1, 1.3, and 1.5 wum, respectively. The emitted pulse trains indicate the
uniform sinusoidal modulation, and the average periods are 2.3, 3.2, and 6.4 psas ¢ = 1.1, 1.3,

and 1.5 um, respectively, which correspond to the repeating frequencies of 0.43, 0.31, and 0.16
THz.
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Fig. 7 Autocorrelation measurements based on the dual-mode deformed square microlasers. (a) Experimental setup.

(b) Measured autocorrelation pulse trains for the microlasers with 6 = 1.1, 1.3 and 1.5 um, respectively. FPC =
fiber polarization controller; AC = autocorrelator.
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4. Conclusions

Dual-mode AlGalnAs/InP square and deformed square microlasers have been demonstrated
for the generation of sub-THz and THz waves. A 103.2 GHz signal is successfully obtained based
on the dual-mode square microlaser with the help of high-speed UTC-PD. Deformed square
microlasers with circular-side are proposed to realize stable dual-mode lasing and to further
extend the mode interval to THz region. The beating pulses with the repeating frequencies up to
0.43 THz are demonstrated by an autocorrelation measurement based on the deformed square
microlasers. With the advantages of small size and integration compatibility, we expect the
dual-mode square and deformed square microlasers can be used as compact THz sources for
high-capacity THz wireless communications.
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