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ABSTRACT
We present a configurable guided-wave planar glass-chip laser that produces low-noise and high-quality continuous-wave laser emission
tunable from 2.82 to 2.95 μm. The laser has a low threshold and intrinsic power and mode stability attributable to the high overlap of gain
volume and pump mode defined by an ultrafast laser inscribed waveguide. The laser emission is single transverse-mode with a Gaussian spatial
profile and M2

x,y ∼ 1.05, 1.10. The power drift is ∼0.08% rms over ∼2 h. When configured in a spectrally free-running cavity, the guided-wave
laser emits up to 170 mW. The benefit of low-noise and stable wavelength emission of this hydroxide resonant laser is demonstrated by
acquiring high signal-to-noise images and spectroscopy of a corroded copper surface film with corrosion products containing water and
hydroxide ions with a scattering-scanning near-field optical microscope.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5113624., s

There is a scarcity of laser platform architectures in the mid-
infrared (Mid-IR) spectral region, which limits the development
of new photonic-based technologies. New emerging laser geome-
tries such as optically pumped waveguide (WG) lasers1,2 in the
Mid-IR can motivate applications, with examples including atom
trapping,3 laser surgery,4 and scattering-scanning near-field optical
microscopy (s-SNOM), a technique to achieve nanospectroscopy of
surfaces.5 More generally, laser development in the 2.1–4 μm spec-
tral region is immature, with very few application examples demon-
strated using these lasers. Candidate technologies that will mature in
the coming years include semiconductor, solid-state, and soft-glass
fiber lasers.

It has recently been reported that type 1 interband cascade
lasers (ICLs) can operate at room temperature, with continu-
ous wave (CW) laser emission from a range of devices covering

1.9–3.3 μm.6 There are still open issues regarding quantification of
the beam-quality, mode stability,7 and reliability. Low energy stor-
age lifetimes and small mode volumes limit their suitability for high
peak-power applications.

The development of mid-IR solid-state lasers has a long
history and is dominated by 4-level erbium-doped bulk crystal
lasers that can lase at discrete wavelengths across a “spiky” 2.7–
2.9 μm crystal-field split (Stark dominated) transition.8,9 These
crystalline lasers are based on external cavity defined laser cav-
ity modes, where the beam quality, divergence, and pointing sta-
bility are subject to the dynamics of thermal lensing, and the
overlap of the pump and cavity modes. In addition, high thresh-
olds due to large pump mode-volumes mean that water cooling
of the laser crystal is typically implemented to control thermal
lensing.
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Transition metal Cr3+ doped ZnSe is an interesting evolving
laser gain material, and recent work has reported improved opti-
cal quality that realizes the CW output in a bulk laser architec-
ture achieving multi-watt-level performance and a tuning range
of 1.9–3 μm.10

To improve the performance of such bulk material lasers,
or even to achieve lasing, low-loss waveguides are required. For
instance, rare-earth-doped fluorozirconate glass required a fiber
geometry to lase,11 but, in practice, such soft-glass fibers are frag-
ile and difficult to manufacture. For low power applications, these
challenges can be overcome when waveguide-in-bulk geometries
were achieved,12 enabled by ultrafast laser inscription (ULI) tech-
niques.13,14

Ultrafast laser inscription (ULI) is a postprocessing technique
that can be used to fabricate low-loss waveguides in bulk doped
substrates.15,16 By incorporating ULI waveguides in solid-state gain
media, the laser threshold is reduced by the intrinsic overlap of
the pump and cavity mode, with the added benefit of ensuring
fundamental transverse-mode operation. These factors mean that
ULI waveguides can allow lasing transitions in bulk gain mate-
rials that are generally not practical. For instance, another laser
material that has benefitted from ULI waveguides is transition
metal doped Cr:ZnSe planar waveguide lasers operating within
2–3 μm,17 with waveguides greatly simplifying the required cavity
designs.

In 2013, we reported first the operation of a Ho-doped fluo-
rozirconate glass (ZrF4, BaF4, LaF4, AlF3, and NaF3:ZBLAN) chip
laser at ∼2.9 μm.18 However, its continuous-wave laser performance
was marred by unstable pulsed emission as the population was
“bottlenecking” in the Ho terminal 5I7 laser level (μs pulses at
100–300 kHz). For reference, the HoPr energy levels are shown
in Fig. 3(b). In this work, we report the elimination of bot-
tlenecking for this 2.9 μm transition by addition of low con-
centration Pr3+ which provides a pathway to de-excite the Ho
5I7 population, consistent with earlier work in HoPr ZBLAN
fiber lasers.19 Our motivation to demonstrate the improved
continuous-wave (CW) performance from this 2.9 μm chip
laser architecture is to set a foundation for further develop-
ment toward mode-locking, Q-switching, and single-frequency
operation.

This waveguide laser we report here exhibits noteworthy CW
performance, with low power rms fluctuations of ∼0.08% over
2 h in a grating stabilized cavity, and power up to 170 mW
when configured in a contiguous cavity [described in Fig. 1(b)].
With a Littrow-configured diffraction grating, the laser is tun-
able from 2820 nm to 2950 nm. Beam quality is almost diffrac-
tion limited and symmetrical with M2

x,y ∼ 1.05, 1.10. These near-
ideal performance metrics are due to a combination of efficient
optically pumped broadband gain near 2.9 μm, robust antireflec-
tion dielectric coatings on the chip, low-loss single-transverse-
mode waveguides, and a simple and efficient cavity design. These
characteristics are essential to meet the stringent requirements
for long-term, maintenance-free precision applications. The wide
and flat gain profile, as well as high upper state storage lifetimes
(∼3.2 ms20) of Ho3+ in ZBLAN glass, combined with large mode-
area waveguides makes them promising candidates for high quality
laser emission in mode-locking, single frequency, and Q-switching
modes.

FIG. 1. (a) Bright-field microscope image of two waveguides (WGs) in the end
facets of the chips. The waveguide centroids are ∼350 μm below the surface, with
the WG core diameter Dleft ∼ 80 μm and Dright ∼ 100 μm. Claddings are ∼55 μm
thickness. (b) Cavity configurations reported in this paper. Cavity I is configured as
a contiguous cavity with resonator mirrors “butted” to the gain chip; cavity II is an
extended cavity; cavity III is an extended cavity with a diffraction grating configured
in a Littrow geometry.

An application example is scanning near-field optical
microscopy, and we present here high-resolution topographic and
O–H absorption images of a copper film that has been corroded. For
this nanospectroscopy demonstration, the chip laser is coupled to a
neaSNOM (neaspec) near-field optical microscope.

The waveguides are fabricated in ingots of Ho, Pr codoped
ZBLAN glass (2.5%, 0.25%, respectively). Depressed cladding
waveguides are directly inscribed in the glass chips by ULI (5 MHz,
<250 fs, and λ = 524 nm) produced from a frequency-doubled laser
(IMRA, DE0210). Further details on the fabrication, morphology,
and waveguide propagation loss (<0.3 dB/cm) of directly written
waveguides in ZBLAN via ULI methods can be found in previously
published work.14,21,22

In this work, we report the performance of an 18 mm long
parallel polished chip that contains 6 waveguides with depressed
claddings of 55 μm thickness, written with a range of core diameters
sized between 60 and 100 μm. A bright-field microscope image of
the transverse cross section of the waveguides is shown in Fig. 1(a).
These “leaky-mode” waveguides are designed to preferentially guide
fundamental-modes, and all waveguides were observed to operate in
a lowest-order transverse mode for the range of cavity geometries
shown in Fig. 1(b). Broadband antireflection coatings centered at
2.9 μm are applied to the chip facets (ion-beam sputtering) which
also serve to protect the ZBLAN chip end-faces.

Individual waveguides are core-pumped by one or two
polarization-combined single-mode fiber-coupled, polarization
maintaining, 1155 nm diode lasers (Innolume GmbH). The maxi-
mum output of each pump laser is ∼390 mW with the wavelength
stabilized by fiber Bragg gratings. The pump output beam is coupled
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to the waveguides via two BBAR coated relay lenses: a f = 8 mm
molded aspheric lens to collimate the ferrule connector/angled
physical contact (FC/APC) fiber output and a f = 40 mm aspheric
lens to focus into the waveguide. The measured absorption of the
HoPr codoped glass at 1155 nm is ∼4 dB/cm.

Three laser cavity configurations are shown in Fig. 1. In all
cases, the input coupler (IC) is a thin 12.7 mm diameter silica
mirror designed to be a broad-band high-reflector (BBHR) from
2.7 to 3 μm, and highly transmitting (HT) at 1155 nm. The out-
put coupler (OC) is either a 75% or 95% reflecting ZnSe 12.7 mm
mirror (covering 2.7–3 μm) or a 450 grooves/mm 3.1 μm blazed
diffraction grating (Thorlabs GR1325-45031) configured in a Lit-
trow geometry. For the extended cavity (II), and the Littrow con-
figured cavity (III), a f = 25 mm BBAR coated CaF2 planocon-
vex lens is used to achieve cavity stability. When the cavity is
aligned in a Littrow configuration, the grating is orientated to feed
back the 1st order diffracted beam into the cavity axis. The 0th
order provides output coupling. The reflectivity of the grating is
specified at ∼87% (∼2.9 μm) for the polarization perpendicular to
the grooves, thus indicating that the cavity will only reach the
threshold for horizontally polarized light (orthogonal polarization
is R ∼ 24%).

The laser slope efficiency for a 18 mm long HoPr ZBLAN chip
is shown in Fig. 2 for the three cavity configurations shown in
Fig. 1. We note as well that no “cascade” emission near 2 μm was
observed at any time, attributable to the 5I7 terminal level population
quenching by the Pr codopant.

Figure 2(a) shows the performance for the contiguous cavity
with resonator mirrors (I) “butted-up” to the chip facets; either the
R ∼ 75% (R75%) or R95% reflecting OCs are used, with a waveguide
diameter of 100 μm. The measured slopes in Fig. 2(a) show a best
slope efficiency for the R75% OC ∼ 21%, a Pthreshold of 104 mW, and

a maximum power of 170 mW (pump of 900 mW). Free-running
wavelength is ∼2870 nm, and quantum efficiency is 47%. The R95%
has a lower slope of ∼15%, a lower Pthreshold of 39 mW.

Figure 2(b) shows slope efficiencies for the extended cavity con-
figuration for the largest 100 μm diameter waveguide. Slopes of the
R75% and R95% in extended cavity configuration are lower than in
the contiguous cavity at 16% and 7%, respectively. The lower slope
efficiency is attributed to a modal mismatch between the fundamen-
tal cavity transverse mode and the waveguide mode, thus leading to
diffractive and coupling loss at the waveguide-air interface.

To demonstrate the tunability of this transition, a simple Lit-
trow cavity is used (Fig. 1, cavity III). This cavity is pumped by a
single pump diode laser operating at 350 mW (to reduce thermal
loading on the passively cooled baseplate) and placed into a laser
housing to further isolate the cavity from the open environment.
The diffraction grating is held in a kinematic mount, thus allow-
ing the grating angle and 1st order diffracted light, to be adjusted
via rotating an 80 threads/in. screw. A consideration for the Lit-
trow configuration is that the output beam angle (0th order) changes
with grating angle. The slope efficiency/threshold for the Littrow
configured cavity is consistent with the R95% OC extended cavity,
which likely indicates that the 1st order reflectivity is of similar
magnitude. The laser threshold for the Littrow configured cavity
is ∼70 mW.

Figure 3 shows the measured tuning range of the laser when
pumped by the single 350 mW pump diode. The maximum output
power is 20 mW, and the spectral range achieved is ∼128 nm, with
range defined by 1 mW of power at the edges of the tuning curve
and covering 2820–2948 nm. The emission has multiple longitudinal
modes with a typical spectral width of ∼0.25 nm (0.3 cm−1 or ∼9
GHz). The cavity length is 85 mm, corresponding to a longitudinal
mode spacing of ∼1.6 GHz.

FIG. 2. Continuous wave laser output of the L = 18 mm
Pr-Ho-ZBLAN chip based laser. (a) Contiguous cavity oper-
ation where the mirrors are butted to the chip, and a 50 μm
diameter WG is used. (b) Extended cavity operation with an
intracavity lens for cavity stability and extended cavity oper-
ation with a 450 lines/mm diffraction grating configured in a
Littrow configuration (blazed at 3.1 μm).
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FIG. 3. (a) Measured tuning range of the Littrow configured
chip laser for a pump power of 350 mW. (b) Energy level
diagram for Pr Ho codoped ZBLAN.

The beam quality is observed to be consistent with a Gaussian
shape. Beam quality was quantified by measuring the M2 of the emis-
sion from the Littrow configured cavity (Fig. 4). A standard M2

parameter is determined by fitting a hyperbolic curve to the beam
diameter as a function of distance to the focus of the beam (the
same method as in Ref. 23). To focus the beam, a BBAR coated CaF2
f = 200 mm planoconvex lens is used, and the beam spatial shape
was recorded by a Spiricon Pyrocam IV (Ophir). 2D Gaussian line
shapes are fitted to the beam diameters to determine 1/e2, consis-
tent with a second moment method (D4σ). Beam quality is found to
be close to symmetrical and measured at M2

∼ 1.10 in the vertical
dimension and M2

∼ 1.04 in the horizontal plane.

FIG. 4. Measured beam-quality of the Littrow configured chip laser. Beam diam-
eters are measured by a D4σ fit at each beam image. The beam is focused by a
f = 200 mm CaF2 lens, and beam images are recorded with a pyroelectric array
camera.

Stable output power is a desirable characteristic of a
continuous-wave laser with clear benefits for applications such as
spectroscopy and microscopy. To quantify the stability and drift
of the CW emission, the Littrow configured laser (which is con-
tained in a housing) is warmed up for 1 h and the power recorded
every second for 2.3 h (Thorlabs PM100 + S401C thermal power
head; 1.1 s time constant and 1 μW resolution). Laser power as
a function of time is presented in the inset of Fig. 5, with the
laser displaying an average power of ∼14.1 mW, with a root mean
square stability of ∼±0.08%. We speculate that this high stabil-
ity power output of this passively cooled laser can be partially
attributed to the intrinsic modal overlap of the single transverse
mode pump laser. In contrast, bulk solid-state lasers use multi-
mode pump diodes due to increased mode-area and have imperfect
overlap with the cavity-mode due to the thermal-lensing defined
cavity-mode.

The relative intensity noise (RIN) of the laser emission was
measured by use of a DC coupled amplified MCT detector (Vigo
PVI-2TE-4; 50 MHz bandwidth) and is shown in Fig. 5. In our pre-
vious work,18 the Ho doped laser pulsed at 100–300 kHz due to
population bottlenecking in the terminal level lifetime (relaxation
oscillation driven). The addition of Pr3+ serves to reduce the lower
state lifetime, as evidenced by the absence of pulsed emission, or
lasing from the 5I7 terminal level. The RIN shows characteristic low-
frequency mechanical noise (<200 Hz) and the relaxation oscillation
at ∼215 kHz. The RIN baseline is expected to decrease if operated
as a single longitudinal laser as we estimate there are >5 longitu-
dinal modes in the spectral output, leading to longitudinal mode
competition.

An example of the use of the Ho chip laser is a study of the
nanoscale distribution of water and hydroxide ions in a film of cor-
rosion products on copper. A polished copper surface protected by
octadecylphosphonic acid (ODPA, Sigma) was exposed to 80% RH
and 100 ppb formic acid for 120 h to mimic the conditions for indoor
atmospheric corrosion. The infrared reflection/absorption spectrum
(IRRAS) with 1024 scans and 4 cm−1 resolution in Fig. 6 shows the
formation of the corrosion products: copper formate at ∼2800 cm−1,
imbedded water and hydroxide ions in the region ∼2700–3600 cm−1,
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FIG. 5. The measured Relative Intensity Noise (RIN) of the Littrow configured chip
laser with clear evidence of relaxation oscillations centered at ∼203 kHz (300 mW
pump). Inset: measured power stability of the Littrow configured chip laser after a
1 h warmup (1 s/measurement). The power stability is estimated by the root mean
squared value of 0.08%.

and nonhydrogen bonded OH groups in Cu(OH)2 at 3570 cm−1.24

The spectrum is an average of an area larger than 1 cm2 and does
not provide important details on the spatial distribution of corrosion
products.

In order to map the heterogeneity of the corrosion over a sur-
face, the sample was imaged using neaSNOM—a commercial scat-
tering near field optical microscope from neaspec—equipped with
a Ho chip laser prototype built in partnership with Red Chip Pho-
tonics. A unique pseudoheterodyne detection technique used in
neaSNOM allows for background-free measurements of reflectivity
and most importantly absorption with nanoscale spatial resolution.
Thus, tuning the laser emission to 3450 cm–1, as indicated by the
vertical dashed line in Fig. 6, allowed for nanoscale mapping of the
distribution of water and hydroxide ions.

FIG. 6. An infrared reflectance/absorption spectrum of the corroded copper sur-
face showing the different corrosion products formed. The vertical line shows
the wavenumber (3450 cm−1) at which the chemical mapping using neaSNOM
equipped with the Ho chip laser was performed.

FIG. 7. A false color image of the sample absorption (imaginary part of the s-SNOM
signal) acquired by neaSNOM equipped with the Ho3+ chip laser tuned to 2900 nm.
The image was collected in 231 s (6.6 ms integration/pixel). The red corresponds
to strongest O–H absorption.

Figure 7 shows a high-contrast absorption map of a corroded
sample area (4 × 3.5 μm2) with 20 nm spatial resolution collected
in less than 4 min. The map indicates a highly inhomogeneous
distribution of the corrosion products and could be utilized for
analysis of corrosion processes and their prevention.25 Figure 8
shows an AFM topography image acquired simultaneously with the
absorption map.

Notably, the low drift and low noise of the CW laser in com-
bination with a high-stability neaSNOM microscope resulted in the
uniform contrast in the absorption image.

In conclusion, our results verify that the ∼2.9 μm CW laser per-
formance of a holmium doped ZBLAN waveguide chip is substan-
tially improved with the addition of a Pr codopant. The Pr reduces
the 5I7 terminal laser level lifetime, evidenced by results showing
low-drift and ultrastable and low-noise CW emission in an external
grating stabilized cavity configuration.

FIG. 8. AFM topography image of a Cu formate sample surface. Image size is
4 × 3.5 μm2.
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Laser slope efficiencies of up to 21% for a contiguous cavity
and 16% for an extended cavity were demonstrated; the maximum
power at 2.9 μm of 170 mW and a tuning range of 2820 nm–2948 nm
were also reported. Practical application of this ultrastable and pas-
sively cooled laser is demonstrated by using the tunable Ho chip
laser to acquire high-resolution absorption imagery in a scanning
near-field optical microscope (∼20 nm resolution). A further favor-
able feature for long-term stable operation in an application such as
nanospectroscopy is the intrinsic mode and pointing stability due to
the waveguide in the gain chip.

T. M. Monro acknowledges the support of an ARC Georgina
Sweet Laureate Fellowship. We also gratefully acknowledge Weijie
Zhao who prepared and characterized the corroded copper sample.
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