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Focused ion beam milling of ridge waveguides of edge-emitting

semiconductor lasers
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We studied the influence of the focused ion beam milling of ridge waveguides on lasing parameters of edge-

emitting lasers, based on a separate confinement double heterostructure. It is shown that there are three degrees of

influence, according to the etching depth: modification of the waveguide properties only, a decrease in efficiency

without changing the threshold current, and a simultaneous deterioration in the threshold current and efficiency

with significant modification of the optical characteristics of the laser.
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The ridge waveguides of the edge-emitting semiconductor

lasers are formed in the course of post-growth processing

of laser wafers and determine the basic characteristics of

the devices, such as beam quality, the brightness, the

maximum power. The latter increases with increasing

width of the waveguide. At the same time, however,

conditions for the appearance of high-order optical modes

arise, and multi-mode lasing becomes possible. This in turn

leads to a decrease in the beam quality and brightness.

Various approaches have been proposed to maximize the

power of edge-emitting lasers operating in the spatially

single-mode mode regime: the use of distributed Bragg

reflectors and an expanding waveguide [1], the use of

gratings built into the waveguide (distributed feedback

lasers) [2], the use of modified mirrors [3], local modulation

of the effective refractive index [4]. All of them were

based on the introduction of elements for spatial and/or

spectral selection of optical modes into the waveguide or

output mirror. The practical implementation of most of

the proposed approaches complicates the manufacture of

devices, especially at the stage of creating test samples.

When developing a new design of semiconductor lasers

using standard post-growth processing techniques, it is

necessary to manufacture several devices of the same design

that differ in the parameters of the filtering elements in

the waveguide, as well as reference samples. This leads

to extra time and resource expenses. When investigating

the influence of the device design on the parameters of

the output beam, especially at the stage of producing test

samples, it is convenient to use an off-the-shelf device

with a conventional waveguide and make changes to it.

The method of direct lithography with a focused ion

beam (FIB) is well suited for dealing with tasks of this

sort. It allows forming a lithographic pattern in both

metal and semiconductor structures with nanometer scale

resolution without the use of masks. FIB is widely used

in the semiconductor industry and in the laboratories of

research groups for the sample preparation for transmission

electron microscopes and probes preparation for atomic

force microscopes (AFM), as well as modifications of

integrated circuits, image sensors, etc. [5]. Recently, it have
been used to create nanocavities in optical fibers [6] and to

modify mirrors of edge-emitting semiconductor lasers [3].
The disadvantage of the technique is the formation of

radiation defects (vacancies, interstitial atoms and their

complexes) in the semiconductor structure under the action

of high-energy ions. Radiation defects create deep levels

in the band gap of the semiconductor, which leads to a

decrease in the internal quantum efficiency [7]. According

to [7], the formation depth of radiation defects exceeds

theoretical estimates by an order of magnitude and reaches

0.85µm when etching GaAs/AlGaAs heterostructures with

Ga+ ions with an energy of 30 keV.

The first experiments on waveguide etching of double

heterostructure (DHS) lasers have shown that even with

a small FIB exposure area of 1µm2 it is possible to

dramatically change the lasing spectrum [8]. The carriers

in a separate-confinement heterostructures (SC DHS) are

localized in the quantum-dimensional active region, this

will likely allow one to carry out etching of a larger area

and changing the optical properties of the waveguide and

laser cavity without affecting recombination in the active
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region. However, there are no systematic data on etching

of ridge waveguides of SC DHS lasers in the literature.

In this work, we studied the dependence of the main

optical characteristics of diode lasers with a narrow ridge

waveguide on the parameters of their etching by a focused

ion beam (the size and depth of the etched region) in

order to determine the depth range that make it possible to

independently change the optical and electrical properties.

Lasers with ridge width W = 4µm were selected for

experiments. The laser wafer was grown by metal-organic

vapor phase epitaxy. The active region consists of four layers

of quantum well-dots In0.4Ga0.6As [9], separated by GaAs

layers with a thickness of 40 nm, and placed in the middle

of a GaAs waveguide with a thickness of 450 nm. The

thickness of the p-cladding with a contact layer is 1.15 µm,

and the n-cladding is 1.45 µm. The ridge waveguides

were formed by plasma etching. A contact metal layer

Ag/Mn/Ni/Au with a width of 2µm and a thickness of

300 nm was deposited on the top of the ridge, then the

surface of the structure outside the ridge waveguide was

covered with a dielectric layer Si3N4 having a thickness

of 100 nm, after that the entire surface was covered with

Cr/Au metal contact with a thickness of 200 nm. Therefore

the surface of the ridge is not planar and has a relief

due to the overlap of various layers (Fig. 1, a). Samples

with a cavity length of L = 1.5mm were mounted on

copper heat sinks using indium solder. All laser parameters

were measured in pulsed regime with pulse duration of

350 ns and frequency of 3 kHz. Prior to the FIB etching

the threshold current density was 530−650 A/cm2, and

differential quantum efficiency (DQE) was a little more than

50%. The lasing wavelength 1.09 µm corresponds to the

ground state of the quantum well-points. Studies of far-fields

have shown the multi-mode lasing in the lateral direction.

Etching of the ridge waveguides was carried out in an

ultrahigh vacuum by a focused ion beam Ga+ with an

energy of 30 keV and an operating current of 500 pA. The

width of the etching area located at 500 µm from one of the

laser mirrors was equal to the width of the waveguide and

was 4µm, and the length (L f ib) for various samples was

either 10µm, or 50 µm. This relatively small lengths of the

etched region are already sufficient to influence the optical

properties of the waveguide [4]. The actual etching depth

was determined with AFM images obtained in tapping

mode. All heights given below were calculated relative

to the interface between the waveguide and the p-cladding
layers (Fig. 1, b). Due to the fact that the contact surface at

the top of the ridge was not uniform in height, etching was

carried out in two stages. At the first stage, the thickness of

the metal contact at the top of the ridge was leveled, at the

second — the remaining metal contact and the ridge itself

were etched off. Fig. 1, b shows the roughness of the bottom

of the etched area. It is caused by the rough surface of the

metal contact and the influence of the inclined walls of the

ridge waveguide on the etching rate and profile. Therefore,

in our analysis we used the average height (he) and the

minimum height (hmin) as shown in Fig. 1, a. Significant
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Figure 1. a — AFM image of the sample #4. All heights are given

relative to the surface of the metal contact between the ridges. The

etching area (solid rectangle) and the area in which the average

height of he (dashed rectangle) was calculated are shown. The

insert in the upper right corner shows a schematic profile of the

ridge waveguide. b — height profile across the waveguide in the

middle of the etching area. Zero height corresponds to the interface

between waveguide and p-cladding layers.

discrepancy between he and hmin is associated with the slope

of the side walls of the waveguide.

The parameters of laser diodes deteriorate along with an

increase in the etching depth, (see table). The probability

of forming the radiation defects in active region increases as

the etching front approaches to it, which leads to a decrease

in internal quantum efficiency and to an increase in the

threshold current density I th, accordingly. Therefore, the

threshold current density is more affected by the minimum

height hmin. At the same time, with a small etching depth,

an increase in the length of the region by 5 times does not

lead to an increase in the threshold current. The change

in the differential efficiency of ηD is due to a change in

the waveguide parameters. The optical loss associated with

scattering in the altered part of the waveguide increase with

the increase in the length of the etching region. Thus,

it is possible to make changes in the waveguide without

increasing the threshold current density by stopping the

etching in the p-cladding 200−300 nm prior to the the active

region layers.

As the depth of etching increased, the lasing spectra

shifted to the short wavelength region (Fig. 2) due to the

increase of internal losses. Another change in the optical

properties of the waveguide, observed already at a minimum
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Etching parameters and the relative changes of main characteristics of the devices

Sample
L f ib, µm Ion dose, 1017 cm−2 he , µm hmin, µm Ith f ib/Ith ηD/ηD f ib

number

1 10 1.68 +1.4 +0.84 1 1

2 50 1.76 +0.66 +0.21 1 1.55

3 50 1.76 +0.71 +0.08 1 2.07

4 10 7.02 −0.17 −0.33 1.42 3.57

5 10 7.02 +0.08 −0.43 1.53 2.55

6 10 9.78 −0.25 −0.73 1.61 3.33

Note. Ith f ib and ηD f ib— threshold current and differential efficiency after etching of the FIP, respectively.
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Figure 2. Lasing spectra samples #1 (a), #3 (b) and #6 (c)
before and after etching with FIB.

depth of etching is narrowing of lasing spectra. We believe

that in this case the etched section works similarly to the

passive mode filter [10].

With further increase of the etching depth, the con-

trast of the effective refractive index along the waveguide

becomes sufficient for the laser cavity to split into two

optically coupled cavities. Such systems have been studied

previously [11,12], and they tend to demonstrate single-

frequency lasing, reduced temperature induced shift of the

lasing wavelength, and wavelength hopping due to switching

from one longitudinal mode to another. The temperature

dependencies of the lasing spectra of samples #5 and #6

are typical for lasers with longitudinally coupled cavities

(Fig. 3). For these lasers, the temperature shift of the

wavelength is determined by the resonance of the longitu-

dinal modes of two coupled cavities and is 0.19 nm/◦C. The

temperature dependence of the lasing wavelength before

etching was determined by the temperature dependence

of the energy gap width, and the temperature shift was

0.35 nm/◦C. When lasing switched from one hybrid longi-

tudinal mode to another the wavelength changed by 9 nm.

The presence of several lasing lines in the spectrum is due to

the operation on several lateral modes. This was confirmed

by the measurement of far-field patterns.

In conclusion, we have studied the effect of FIB etching

of ridge waveguides of edge-emitting semiconductor lasers

on their characteristics. It was shown that three ranges of

etching depth can be distinguished according to the degree

of influence on the laser parameters. When etching stops

more than 400 nm prior to the active region, the threshold

current density and DQE remain virtually unchanged and

do not depend on the etching area, provided that it is

relatively small. In this depth range the properties of the

laser waveguide and cavity change, and the nature of the

changes depends on the size and location of the etched area.

Increasing the etching depth to distances of about 200 nm

to the active region virtually does not affect the threshold

current, but reduces the DQE. In this etching range, the laser

cavity starts to split into two optically coupled cavities. The

increase of the threshold current during FIB etching begins

at a greater depth, when radiation defects begin to form

in the active region. The results of our study can be used

both to create high-power spatially single-mode laser diodes
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Figure 3. Temperature dependence of the lasing spectra of the

sample #6 after FIB etching.
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and to improve the beam quality in the lateral direction of

high-power broad area lasers [13].
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