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Milliwatt second harmonic power at 4.45 mmwas achieved in InP lattice-

matched quantum cascade lasers with monolithically-integrated resonant

nonlinear cascades and modal phase matching. The use of an InP top-

cladding layer and high-reflectance coating on the laser back facet

enabled high linear laser power and consequently record nonlinear power.

Introduction: Nonlinear light generation has the potential of expand-

ing the functionality of quantum cascade lasers (QCLs). In particular

second harmonic (SH) generation has shown promise for extending the

spectral range of QCLs beyond the limits imposed by the properties of

the materials of choice [1, 2]. The mid-infrared range between 3 and

5 mm is of great importance for applications in high resolution in situ

and remote trace gas sensing [3, 4]. SH generation in QCLs based on the

well developed InP material system offers an alternative to other more

technologically demanding lasers available in this spectral range.

Second harmonic generation: We are focusing on exploiting the

properties of monolithically integrated resonant nonlinear cascades

to enhance the nonlinear response of QCLs [1, 4]. This technique has

proven promising for extending the operating wavelength of InP

lattice-matched QCLs below 5 mm [5, 6]. The samples used in this

study employ the fairly optimised InGaAs=InAlAs active region

shown in Fig. 1b of reference [5]. In this case the QCL active

region simultaneously acts as a source for the pump laser power

and the nonlinear mixing region. The maximum nonlinear suscept-

ibility for this active region is jw(2)j � 4� 10�5 esu (2� 104 pm=V),
assuming exact resonance for all interacting fields.

Fig. 1 Structure of InP-based waveguide optimised for phase matching
(sample D3014)

The calculated refractive indices of the fundamental TM00 and SH TM02 modes
for an infinitely wide waveguide are 3.2079 and 3.1689, respectively

Modal phase matching: A necessary condition for efficient SH

generation is phase-matching. We have shown previously that,

owing to the flexibility in the design of the QCL waveguide, modal

phase matching is possible for these devices [6]. In contrast to other

phase matching techniques, such as birefringent matching, or quasi-

phase matching, modal phase matching allows for the exact matching

of the effective refractive indices of transversal modes of different

order. Moreover, unlike other techniques proposed for asymmetric

double quantum wells [7, 8], modal phase matching is compatible

with the intrinsic waveguide dispersion, weak voltage tunability, and

strict current transport requirements of QCLs. In the case of second

harmonic generation the best results are obtained by matching the

refractive indices of the fundamental TM00 mode and SH TM02 mode.

In this study we designed a waveguide that employs InP for both the

top and the bottom (substrate) claddings. InP offers the advantage of

better confinement and lower optical losses at both wavelengths of

interest. The thicknesses of the waveguide layers are detailed in Fig. 1

and were chosen to reach the phase matching between the funda-

mental TM00 and SH TM02 modes for the waveguide ridge width of

7.3 mm. The difference between the effective refractive indices of the

fundamental and SH modes depends quite strongly on the waveguide

ridge width: the phase mismatch is Dk¼ 538 cm�1 for an infinitely

wide waveguide. This dependence is used here to provide the tuning

to exact phase matching by varying the ridge width.

Device fabrication: The QC laser structures used in this study (sample

D3014) were grown by molecular beam epitaxy (MBE) on InP substrates

in two steps. First, layers 1–3 were grown and the structure was capped

with anAs layer. Then thewafer was transferred to a secondMBEmachine

equipped with a solid phosphorus source and top layers 4–6 were

deposited. The devices were processed into 5–12 mm wide, 0.5–1.5 mm

long deep-etched ridge-waveguide lasers [5]. The laser device back facets

were high-reflectance (HR) coated, starting at the semiconductor, with

SiO2 2500 Å=Ti 160 Å=Au 1000 Å=SiO2 1000 Å (reflectivity >99%).

The last SiO2 layer prevents In from creeping up the facet and shorting the

device during soldering to the copper mounts.

Fig. 2 Fundamental and second harmonic spectra, and light output power
against current characteristics for sample D3014

Inset: SH power against linear power squared. The fit of the curve with a straight
line in the central region gives the nonlinear conversion efficiency
a Fundamental and second harmonic spectra for a 7 mm-wide, 1.5 mm-long laser
with waveguide structure shown in Fig. 1 and HR-coating on back facet
b Fundamental (solid) and SH (triangles) light output power against current
characteristics at 10 K for sample in a

Device characteristics: The samples were characterised using a

temperature–controlled He cryostat. All measurements discussed in this

Letter were taken at cryogenic temperatures, around 10 K. The lasers

were operated in pulsed mode with 50–100 ns current pulse widths at

repetition rates of 4 and 84.2 kHz. The laser emits around 8.9 mm and the

second harmonic signal was measured around 4.45 mm. The high

resolution spectra shown in Fig. 2a were taken with a cooled HgCdTe

(MCT) detector for the fundamental and a cooled InSb detector for the

second harmonic. The laser radiation was attenuated with a metal filter to

avoid detector saturation, while the second harmonic measurements were

taken with a sapphire window and a quartz filter to eliminate the laser

radiation. The SH far-field radiation pattern was found to have two

unequal maxima located symmetrically with respect to the waveguide

axis at angles of approximately 35� from the normal to the laser facet in a

plane perpendicular to the device layers. This is consistent with the

expected far-field distribution for the TM02 mode. The light output

against current (L–I) measurements of the maximum propagating

above the waveguide were taken with a calibrated fast uncooled MCT

photovoltaic detector for the fundamental light, and a calibrated, cooled

InSb detector for the SH light. Devices with ridge widths between 5 and

12 mm were characterised and the optimal width was found to be around

7 mm. Fig. 2b shows the L–I curves at the fundamental and SH

wavelengths for a 7 mm wide, 1.5 mm-long laser with the waveguide

structure shown in Fig. 1. The laser displays a record maximum nonlinear

power of 2 mW, and a nonlinear efficiency (slope of inset of Fig. 2b) of
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approximately 17 mW=W2. The accuracy of the InSb detector calibration

was checked by measuring the same L–I curve with the room temperature

MCT detector and a sapphire filter to block the laser power (not shown

here). The nonlinear efficiency is lower but comparable with the highest

nonlinear conversion efficiency of 36 mW=W2 reported previously [6].

Both measured values of the nonlinear efficiency are, however, consider-

ably lower than the theoretical prediction of 2 W=W2. The difference

between the experimental values and the theoretical prediction is partially

due to the 0.5 mm ridge width non-uniformity intrinsic to our wet-

chemical mesa etching process. Deviation by 0.5 mm from the optimal

ridge width would lead to the mismatch increase to Dk� 50 cm�1, and a

decrease of the nonlinear efficiency by a factor of 7. The nonlinear power

could be improved further by better control of the device dimensions

using dry-etching mesa definition. Moreover, the theoretical calculations

most likely underestimate the non-resonant losses and completely neglect

the resonant losses at the SH frequency. Some of the common causes of

higher experimental non-resonant losses in the mid-infrared are higher

effective free carrier absorption and scattering owing to interface rough-

ness in the MBE-growth material and on the ridge sides.

The superior performance of the devices based on the D3014 wave-

guide is due mainly to significantly improved laser characteristics reflected

in lower threshold current (Jth¼ 6.4 kA=cm2 compared to 7.4 kA=cm2 in

our previous work) and higher maximum peak power (390 mW at 3.9 A

compared to 290 mWat 3.3 A in our previous work). The HR coatings do

not influence the nonlinear efficiency directly, but contribute to the

improved laser performance by reducing the mirror losses that

are reflected directly in the lower laser threshold current and higher

slope efficiency. The HR coatings also allow laser operation at higher

currents compared to devices without coatings. The narrower optimal

ridge width (7 mm as opposed to 9 mm in the previous study [6]) is also

beneficial because it suppresses the turn on of higher order in-plane

transversal laser modes that are not phase matched to the SH modes.

Conclusions: Improvement by one order of magnitude in the power

of second harmonic generation from InGaAs=InAlAs QCLs has been
achieved by using an optimised InP waveguide for phase matching

and HR-coatings for maximum laser power output. Reaching the

milliwatt power range is significant as such a power level is sufficient

for trace gas point sensors using mid-infrared light sources. The

modal phase matching technique used in this work has proven

promising for practical SH applications and can be generalised to

other nonlinear light generation processes.
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