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A beam steering effect of high-power quantum cascade (QC) lasers emitting at ~ 4.6 pm was investigated. The
continuous wave (CW) output power of an uncoated, 6-mm-long, 7.5-um-wide buried-heterostructure QC laser at 25 °C
was as high as 854.2 mW. The maximum beam steering angle was offset by +14.2° from the facet normal (0°) in pulsed
mode. The phenomenon was judged explicitly by combining the diffraction limit theory and Fourier transform of the
spectra. It was also verified by finite element method software simulation and the calculation of two-dimensional (2D)
effective-index model. The observed steering is consistent with a theory for coherence between the two lowest order lateral
modes. Therefore, we have established an intrinsic linkage between the spectral instabilities and the beam steering by using
the Fourier transform of the spectra, and further presented an extremely valid method to judge the beam steering. The
content of this method includes both three equidistant peak positions in the Fourier transform of the spectra and the beam
quality located between once the diffraction limit (DL) and twice the DL.

Keywords: beam steering, quantum cascade lasers, fourier transform of the spectra, 2D effective-index model

PACS: 42.55.Px, 85.65.+h, 42.30.—d, 95.85.Hp

1. Introduction

High power and high beam quality have always been the
goals pursued by mid-infrared lasers. Currently, the quan-
tum cascade (QC) lasers,!!! whose optical gain amplification
derives from quantum-well intersubband transitions, have ex-
hibited breakthrough progress toward these goals.>! Addi-
tionally, the high power of this kind laser is frequently ac-
companied by nonlinear effects. This effect will cause many
novel phenomena, which also have a great impact on the de-
vice. Beam steering is one of such nonlinear effects, which
will have a huge impact on any system that requires relatively
precise pointing.!®! For example, it not only affects the long-
distance accurate detection of explosives by the laser through
backscatter spectroscopy, but also stands as a huge obstacle for
the directional infrared countermeasure (DIRCM).!%-8] Never-
theless, it is also possibly to be deliberately controlled™ and
used to perform laser projection by adjusting or scanning the
direction of the laser beam.!'%!11 Therefore, the origin of the
beam steering effects has to be understood so that QC lasers
can be better applied. Although the experimental evidence for
beam steering in QC lasers has been reported and generally at-
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6121 and spa-

tial hole burning induced by higher lateral modes, ! few stud-

tributed to the interference of transverse modes!

ies have been done to explicitly establish an intrinsic linkage
between the spectral instabilities and the beam steering and to
explore the valuable criterion of the phase locking between the
two lowest transverse modes when the beam steering happens.

In this paper, we combine the results of the spectrum,
beam quality, and the Fourier transform spectrum based on
the earlier ones!®7191 to suggest a method to directly judge
the phase locking. The intrinsic linkage between the spectral
instabilities and the beam steering is also explicitly expounded
based on the Fourier transform spectrum. Then according to
the theoretical calculation of a 2D effective-index model and
finite element method software simulation, the theoretically
calculated far field is obtained which is completely consistent
with our experimental results.

2. Device materials design and waveguide struc-
tures

The QC laser wafer was grown on an n-doped (Si,
2 x 1017 cm™3) InP substrate by solid-source molecu-
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lar beam epitaxy (MBE) based on a two-phonon reso-
nance design, which is identical to that in Ref. [13].
The active core includes 30 stages of strain-compensated
In0.669 Ga()_33 1 AS/IH0'362A10‘638AS wells and
barriers.['* The entire structure is as follows: 3.0 pm
lower cladding layer (Si, 2.2 x 10'® cm™3), 30 ac-
tive/injector stages, 0.3 pm-thick n-Ing 53Gag.47As layer (Si,
4 x 10" cm™3), 2.4 um (InP) upper cladding layer (Si,
2.2 x10' cm™3), and 0.6 um cap layer (Si, 5 x 10'8 cm™3).
The layer sequence of one period, starting from the in-
jection barrier is as follows (thickness in nanometers):
3.8/1.2/1.3/4.3/1.3/3.8/1.4/3.6/2.2/2.8/1.7/2.5/1.8/2.2/1.9/
2.1/2.1/2.0/2.1/1.8/2.77/1.8, Ing362Alg 638As barrier layers in
bold, Ingge9Gap331As quantum well layers in roman, and
doped layers (Si, 1.5 x 10! cm™3) were underlined. The
specific structure of the device dies in details is shown in
Figs. 1(a) and 1(b).

quantum

InP substrate

=2.045
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Fig. 1. (a) Schematic two-dimensional representation of the device G709. (b)
The structure of G709 under a high-power optical microscope.

The epi-wafer was etched into a double-channel waveg-
uide laser. First a 300 nm thick SiO, layer was deposited
by plasma enhanced chemical vapor deposition (PECVD) as
a mask for filling semi-insulating InP:Fe for better heat dissi-
pation around the ridge. And a 450 nm thick SiO, layer was
deposited for insulation, and electrical contact was provided
by a Ti/Au layer deposited by electron beam evaporation. An
additional 4 pum thick gold layer was electroplated to further
improve the heat dissipation. After thinning down to about
140 um, a Ge/Au/Ni/Au metal contact layer was deposited on
the substrate side of the wafer. The waveguides were cleaved
into 6-mm-long bars, and the facet of sample G709 was un-
coated for the measurement of edging emitting power. Fi-
nally, the lasers were mounted epilayer side-down on a dia-
mond heat-sink with indium solder, which were subsequently

soldered on copper heat sinks.

3. Analysis of experimental results and model
establishment verification

The lasers were tested after wire bonding, and mounting
on a holder containing a thermoelectric cooler (TEC) to mon-
itor the heat-sink temperature. The measurements were per-
formed using a Fourier transform infrared (FTIR) spectrome-
ter with 0.125 cm™! resolution in rapid scan mode. The output
optical power was collected by a calibrated thermopile detec-
tor, which was put in front of the laser front facet without any
efficiency correction.

3.1. Analysis of experimental results

Figure 2 shows the typical power—current (P—I) curves of
sample G709, with 6 to 14 ps current pulses at a repetition
rate of 50 kHz and the heat-sink temperature 25 °C. During
the test interval, to avoid damage, the lasers were not tested
to the maximum operating current in this configuration. Its
maximum output power exceeded 704 mW (on double facet)
over a broad range of current, and the results of threshold cur-
rent and dynamic range are similar. Additionally, the contin-
uous wave (CW) light—current—voltage (L-I-V') curves of the
sample G709 at the heat-sink temperature 25 °C are shown.
Within the tested current range, the working voltage range
was 6.543 V-11.054 V and its maximum double output power
reached 854.2 mW.
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Fig. 2. Typical power—current curves of sample G709, with 14 us cur-
rent pulses at a repetition rate of 50 kHz and the heat-sink temperature
25 °C. It also shows the CW light—current—voltage curves of the sample
G709 at the heat-sink temperature 25 °C.

Figure 3(a) shows the far-field patterns of the device at
25 °C along the ridge-width direction at different injection cur-
rent. The far-field at 0.5 A exhibits a Gaussian-like distribu-
tion. As the current increases from 0.6 A to 0.9 A, the shoulder
peaks distributed on both sides in the far field not only grad-
ually enhance, but also irregularly deflect to the left and right
directions. Especially in the range of 1.0 A—1.2 A, the far-
field peak position undergoes a significant turning, known as
the beam steering.®! It should be noted that the maximum in-
tensity peak of the beam in the far field is offset by +14.2° and
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—14.2° from the facet normal (0°) at 1.0 A and 1.2 A, respec-
tively. The facet normal (0°) is used as the zero coordinate of
the far-field. The diffraction limit (DL) angle of the fundamen-
tal mode at the full-width at half-maximum (FWHM) is 46°
according to the single-slit diffraction theory. In the entire test
interval, the FWHM increases from 47° 4+ 0.5° (=~ 1.02 DL)
at 0.5 A to 60° +0.5° (= 1.3 DL) at 1.2 A. Therefore, the far-
field at high current could not be a pure fundamental transverse
mode. Then perhaps the reason for this beam steering is that
the two lowest transverse modes with slightly different effec-
tive refractive indexes are coherent, and the phase difference
between the modes is constant. Furthermore, varying the cur-
rent induces substantial angular steering of the output, which
is usually accompanied by a significant qualitative change in

Figure 3(b) shows that the range of the spectrum gradu-
ally broadens from 0.031 wm at 0.5 A to 0.146 um at 0.9 A.
However, the longitudinal mode range of the spectrum sud-
denly decreases in the range of 1.0 A—1.2 A. It is possible that
the increase of the current causes the gain hole-burning ef-
fect. Additionally, the spectrum of 1.0 A shows that although a
significant small range of widening and multiple longitudinal
modes exist around 4.72 um, it also can be clearly observed
that there are a series of relatively small and uniform longi-
tudinal modes in the 4.65 um—4.70 pum range. Nevertheless,
when the laser is energized at 1.1 A and 1.2 A, the optical
intensities of the multi-longitudinal mode distributed in this

spectrum range are minimal caused by obvious hole-burning
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Fig. 3. (a) Measured far-field intensity distributions of the device at driving currents of 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, and 1.2 A (from bottom
to top) in pulsed mode at the heat-sink temperature 25 °C. (b) Emission spectra for the A =4.65 um QCL at T = 25 °C. (c) Fourier transforms
of the spectra. The laser is driven by pulsed current from 0.5 A to 1.2 A at a repetition rate of 50 kHz. The pulse duration is 10 ps.

In order to further verify that the beam steering may be
caused by the coherence of the two transverse modes. We per-
formed Fourier transform of the spectra. Figure 3(c) shows
that there are two situations in the Fourier analysis over a
broad range of injection currents, either only showing one
peak at a certain current, or showing three closely adjacent

U2l And there is no observation of

and equally spaced peaks.
multiple peaks that are closely adjacent and spaced differently
at a certain current. This shows no incoherence between trans-
verse modes in this range.[%!?] At the same time, the far-field
profiles under most currents [Fig. 3(a)] obviously do not show
a completely consistent Gaussian distribution, indicating that
these far-fields at high current should not be a pure funda-
mental transverse mode. Furthermore, since most of the far-
fields FWHM are between once the DL and twice the DL in
the 0.5 A-1.2 A interval, it cannot be considered that these
far-fields only contain the first-order mode. As a result, it is
natural to attribute them to that the two lateral lowest modes
with slightly different effective refractive indices are coherent.
This demonstrates the phase locking of the two lowest modes

to judge the occurrence of the beam steering.

Finally, COMSOL simulations and theoretical model cal-
culations are performed to further verify the rationality of the
judgement and experimental results.

3.2. Model establishment and verification

The modes are simulated by solving the Maxwell’s equa-
tions with a 2D finite-element method software. According to
the simulation, the two lowest transverse modes can coexist
in the laser cavity, as shown in Fig. 4(a), where the TMO and
TMI1 modes are represented in the bottom panel and top panel,
respectively.

It is noted that the stripe width for the double-channel de-
vices typically varies from 6.1 um at the top of the active re-
gion to 9.2 um at the bottom, while for the buried heterostruc-
ture the average waveguide width is 7.5 um. The reason why
high-order modes appear in such a narrow ridge is that the
thinner waveguide layer on the active area of the device causes
plasmon loss. Therefore, it is very effective to produce a high
beam quality by appropriately increasing the thickness of the
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top waveguide layer and relatively reducing the ridge width.
On the basis of the results, figure 4(b) shows the calculated
far-field profiles by taking various phase difference (—0.67 to
0.67) between the basic Oth lateral mode and the 1st lateral
mode.

Oth ord &)
Neff = 3.202

1st ord
Nef = 3.171

— "o6r b
| — —0.4m (b)

e 0. 277
[ 0.4m 1
— .67

Far-field intensity (arb. units)

Y50 —20 -20 o0 20 40 60

Far-field angle (°)

Fig. 4. (a) Calculated 2D optical mode distribution for the quantum
cascade laser, Oth lateral mode (top panel) and 1st lateral mode (bot-
tom panel). (b) Theoretical far-field profiles for a 7.5-um-wide QCL
emitting at 4.65 pum, for a series of phase differences (&) ranging from
—0.67 to 0.6r. The ratio of photon densities in the two lowest order
modes is assumed to be Py/P; =3 : 4.
From a 2D effective-index model, we assume that the ra-
tio of the photon density of the fundamental mode to the first-
order mode is Py/P; = 3 : 4. The optical field of the whole

superposition is approximately6:15-17]

E(x,z) = VPOEy(x)e 1P 4 VPIE (x)e P2 (1)

where By and B; represent the propagation constants of the
fundamental and first-order modes, respectively. The relation-
ship between the two coefficients simulated in COMSOL is
Bo— B1 ~ 0.031kg, where kg =27 /A. Ey and E| represent the
near fields of the fundamental mode and the first-order mode,
which can be obtained from COMSOL.

Therefore, if we assume that the aligned phase is at the
back facet (phase difference = 0),!! then the phase difference
between the two on the cavity surface can be calculated ac-
cording to the following formula:

2nAnL,
B(z=Lc) = ”T" @)

where An is the difference between the effective refractive in-
dices of the two near-field modes, L. is the cavity length of the
laser, and A is the wavelength of the laser. Through this calcu-
lation is ideal, the initial far-field experimental result at 0.6 A

is consistent with the theoretical calculation of @ = 0, indi-
cating that there is no constant phase in the two modes at the
beginning. By this method, we estimate that the phase differ-
ence between the two lateral modes is around 0.27 at 1.0 A or
—0.2m at 1.1 A, and that the calculated far field profile beam
steering angle is around 13.5° or —13.5°, which fairly well
agrees with the experimental value of 14.2° or —14.2°.

3.3. Conclusion and perspectives

In summary, we explain the intrinsic linkage between the
spectral instabilities and the beam steering and report a valu-
able criterion consisting of the analysis of the Fourier trans-
form of the spectra and beam quality to judge the phase dif-
ference locking of two modes. Furthermore, our model for 2D
interference between the two lowest order lateral modes re-
produces the experimental finding. That is, a given device can
switch between strong steering in either direction or no steer-
ing when the operating conditions (phase difference) are var-
ied. This sufficiently verifies that the criterion of beam steering
given in this paper is extremely effective.
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