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Abstract: To assess the potential uses of germanium as a nonlinear material in the mid-IR we
have measured the surface damage threshold of germanium optical windows using femtosecond
pulses at a wavelength of 3.9 um. By working with a wavelength corresponding to a photon
energy of less than half the band-gap energy, free carrier generation due to one and two-photon
absorption was eliminated. The laser pulses had an energy of 5.5 pJ, a duration of 255 fs and were
focused to a waist size of approximately 100 um. The multi-shot damage threshold of the Ge
windows was estimated to be approximately 94 GW/cm?. The data should be of immediate benefit

to industrial laser researchers and applications engineers working in the mid-IR region.
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1 Introduction

The mid-infrared (mid-IR) wavelength region (3-10 um) is of paramount importance to a host of
industrially and scientifically relevant applications in sensing, spectroscopy and imaging.
Examples include Fourier transform infrared (FTIR) spectroscopy, range finding, hyperspectral
imaging, medical imaging with optical coherence tomography (OCT), chemical sensing, and
pollution monitoring based on molecular spectroscopy. However, the existing sources are either of
low brightness (thermal sources), highly complex and costly, or operate at a restricted set of
wavelengths. Despite impressive improvements in recent years, quantum cascade lasers have
narrow linewidth which makes them unsuitable for applications requiring broadband excitation.
Fiber-based supercontinuum sources are already widely used in the visible and near-IR and they
show great promise for the mid-IR region. However, above 2 pm, the high intrinsic absorption of
silica means that infrared-transmitting non-silica fibers are needed for mid-IR continuum
generation ', Crystalline materials, on the other hand, have been used for many years to
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manufacture high-quality IR optical elements such as windows and lenses, and there has been
renewed interest recently in using Ge and Si as nonlinear materials (see Ref. > and references
therein for work with Silicon). Germanium is an excellent candidate for nonlinear applications in
the mid-IR due to its wide transmission window (1.8-11 pm) and high third order optical
nonlinearity ¢ (x*1;; = 19.2:10"”m*V? at 3.39 um) ’. These properties make it particularly
suitable as a nonlinear material when paired with input pulses from practical fiber laser pumped
optical parametric oscillators (OPOs) .

When assessing the suitability of a material, the damage threshold at the pump wavelength is
often of crucial importance as nonlinear processes typically use short pulses to achieve the
requisite peak power. In applications, a component would typically be irradiated with a pulse-train
over an extended period so the relevant damage threshold is the multi-shot value not the single-
pulse value. The laser wavelength may also have an influence on the damage threshold and
working above ~3.7 um is attractive because single or two-photon-absorption (TPA) related
carrier generation cannot occur and thus free carrier generation is minimized.

Only very limited data exist in the literature for Ge, and for femtosecond (fs) seed pulses there
is no information on the damage threshold at mid-IR wavelengths. An introduction to earlier
studies with longer pulses or at shorter wavelengths can be found in the references for both
crystalline '°** and amorphous Ge . (All of the previous picosecond and femtosecond damage
studies were performed with visible or near-IR wavelengths so the photon energies were above
band-gap.) In this paper we have used a laser system operating at a wavelength of 3.9 um to
perform surface damage threshold measurements for multiple Ge samples scanned through the
focus of the femtosecond pulse-train. The samples were commercially available Ge optical
windows from Crystran (www.crystran.co.uk), obtained from an n-type (antimony doped) Ge
ingot. The windows were 2 mm thick, diamond polished on both surfaces and cut with (111) face
side. The resistivity and the carrier concentration of the Ge sample were determined using Hall
measurements. The measured resistivity was 1.74 ohm.cm, while the carrier concentration was
1.6x 10" em™.

The paper first describes the experimental setup used to characterize the laser source and to
position the sample. Next, the beam characteristics are presented and the results of damage to the
sample surface are shown. A brief discussion then follows together with a conclusion.

2. Experimental set-up

The experimental setup is shown in Fig. 1. Femtosecond pulses at a wavelength of 3.9 um were
generated using difference frequency generation (DFG) from the signal and idler of an optical
parametric amplifier (OPA, Coherent OPerA) pumped by a Coherent Mira/Legend laser system.
The 3.9 um wavelength was chosen because it provided the highest output power from the laser
system at a wavelength above the TPA threshold for Ge. The 3.9 um source had an average power
of 5.5 mW, repetition rate of 1 kHz and pulse duration of 255 fs. The residual signal and idler after
the DFG crystal were blocked using a long-wave-pass filter (Spectrogon LP-2500nm). We
confirmed the effectiveness of the filter by blocking either the signal or the idler to prevent the
DFG process, and hence leave just the unblocked idler or signal, and that with no DFG, the power
transmitted through the filter dropped to below the sensitivity level of our power meter.

The laser output was collimated using a telescope (L1=100 mm and L2=150 mm). For
alignment, a co-propagating red HeNe laser was introduced via a removeable mirror (M2). A
f=75 mm focusing lens (L3) created a waist that was used for both beam characterisation purposes
and for the damage measurements. All lenses were Calcium Fluoride (CaF,), anti-reflection coated
at 3.9 um and had plano-convex form. Neutral density filters were used to attenuate the beam in
order to avoid damage to the detector while performing knife-edge scans across the beam >*. An
additional lens (L4) was used to reduce the beam size to completely fit onto a liquid Nitrogen
cooled InSb detector. As shown in section 3, the knife-edge data points were fitted to a Gaussian
beam profile in order to obtain the M values for the horizontal and vertical axes **.
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Fig.1. Experimental set-up for the beam characterization and for positioning the Ge sample.
Inset: SEM image showing the sequence of damage spots used to confirm the reproducibility of
results. (Enlarged SEM images are shown in Fig. 3)

For the damage experiment, the knife edge was replaced by a Ge sample. To change the intensity,
we chose to vary the size of the focus instead of attenuating the beam (e.g. by the use of filters)
which could have altered the duration of the pulses. Placing the Ge sample precisely at the focus
was challenging because there was no unambiguous, real-time, indication of the waist position (i.e.
the position of the circle of least confusion between the horizontal and vertical foci). At
wavelengths close to 800 nm, other authors have reported using surface second harmonic
generation (SHG) to directly detect when the sample was at the position of the beam-waist '*%°. In
addition, the low pulse energies (compared to those available closer to the 800 nm fundamental
wavelength from the Ti:Sapphire laser) led to a requirement for a small waist size and this
produced a short Rayleigh length over which the maximum intensity could be maintained.
Therefore, we used a scanning technique similar to that used by Joglekar et al. *°. Then, the sample
was scanned through the waist at a rate of 0.1 mm/s. The scans were started 2 or 3 Rayleigh ranges
behind the waist position and finished a similar distance in front of the waist position to ensure the
foci in horizontal and vertical directions were included. A typical scan required ~40-60 seconds to
traverse the Rayleigh distance. The beam was then blocked whilst translating the sample back to
the original axial position and moving it sideways. The scan was repeated to create sets of damage
spots separated by a known distance.

The motorized stage was aligned parallel with the beam, and for each focal spot size, a knife-
edge was used to measure the waist of the beam incident on the focusing lens. The waist size was
changed by adjusting the distance between the telescope lenses (L1, L2) in order to vary the beam
size on the focusing lens (L3).

As a precaution, we always scanned the Ge sample towards the laser so that the front surface
would pass through the focus before the back surface since both self-focusing and enhancement of
the local intensity due to superposition of incident and reflected pulses can increase the intensity at
the back surface of the sample **. However, in practice no damage was observed at the rear facet
of the sample, which was probably due to the high Fresnel loss (~36% at 3.9 pm) at the front
surface. As we were measuring the front surface damage threshold the numerical-aperture (NA) of
the incident beam was not as critical as in bulk damage experiments where the NA affects the
length scale over which self-focusing can occur.

3. Beam characterization results

The beam characterization data and the fitted M? curves are shown in Fig. 2(a). We attribute the
astigmatism to the geometry used for the nonlinear generation process in the OPA and DFG
systems. The focal spot size was calculated by considering the beam as an ellipse with Gaussian
intensity profiles in horizontal and vertical directions. Using the Gaussian beam propagation
equations to perform a nonlinear least squares fit to the data gave M” values in horizontal and
vertical directions of 2.0 and 2.35 respectively. We measured the beam width on the focusing lens,
the measured distances between the lenses and the M* parameters in the horizontal and vertical
directions and then standard ABCD ray transfer matrix calculations were used to estimate the
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radius of curvature of the beam at the focusing lens (L3) *’. Initially the measurements were
performed for the beam-size that was closest to the damage threshold (94 GW/cm?) and the
minimum horizontal and vertical widths were 326 um and 188 pum, respectively.

The spectrum shown in Fig. 2(b) was measured using a Bentham Monochromator (TMc300)
and cooled InSb detector. The full width half maximum (FWHM) was 100 nm and the profile of
the spectrum was Gaussian.

The pulse duration was measured using a home-built noncollinear autocorrelator with an
extended indium gallium arsenide (InGaAs) diode as a TPA detector **. One arm of the
autocorrelator incorporated a computer-controlled motorized stage to vary the delay. The beam
path for the autocorrelation contained all of the optical elements used when focusing the beam
onto the sample so the pulse broadening due to dispersion of the lenses was included in the
measured duration. The autocorrelation trace with background removed is shown inset to Fig. 2(b).
Fitting to a Gaussian profile indicated an autocorrelation duration (FWHM) of 362 fs and an
equivalent Gaussian pulse duration of 255 fs (FWHM). The flat-phase Fourier transform of the
spectrum indicated a pulse duration of 220 fs (FWHM), so the measured pulses were close to
transform limited.
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Fig.2. (a) Fitted M curves in the horizontal-direction (red solid line) and in the vertical-direction

(dotted blue line). (b) Spectrum of the 3.9 pm beam with autocorrelation shown inset.

The average pulse energy was calculated by dividing the average power by the pulse repetition
rate. We also used a cooled InSb detector connected to an oscilloscope (Agilent MSO7104) to
measure the pulse-to-pulse fluctuations. The beam was attenuated using neutral density filters to
avoid damage to the detector and the beam diameter was reduced using a lens to ensure that it
completely fitted onto the detector. The statistical fluctuations of the pulse amplitude were
recorded over an interval of 15 seconds which was representative of the time required to scan the
sample through the focus. The absolute max/min peak positions were +/-3 % either side of the
mean peak position and the standard deviation was +/- 1.2 % of the mean peak position. The
variation was probably due to air currents in the laboratory leading to small beam deflections
affecting the efficiency of the nonlinear frequency down-conversion processes.

4. Damage threshold measurement results

The criterion for damage was observation of changes on the sample when viewed using an optical
microscope with 500 times magnification i.e. 50 x objective lens; 10 x eyepiece lens. (The use of a
Normarski phase contrast microscope, as typically employed to characterize structural changes to
transparent dielectrics is not suitable for Ge as it is not transparent in the visible region.) We found
that the lowest intensity for which damage was observable on the sample surface was 94 GW/cm®
and the highest intensity for which no damage was observable was 74 GW/cm®. Therefore the
structural damage threshold was within this range. For each intensity value, three areas on the
sample were tested which confirmed the reproducibility of the data. Measurements were repeated
on a second Ge sample and identical damage threshold results were obtained. This indicates that
the damage threshold was unlikely to have been an artifact of either a particular sample or region
on a sample. The damage threshold value of 94 GW/cm® corresponds to a fluence of 0.026 J/cm’.
Images from a scanning electron microscope (SEM) are shown in Fig. 3. Damaged regions
created slightly above damage threshold (94 GW/cm?) are shown in (a)-(c), and at increasing
intensities above threshold of 103 GW/cm? in (d)~(f) and 155 GW/em? in (g)-(i). It is clear that as
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the intensity is increased, the damaged region becomes larger and that, at the highest intensity the
indentation is also deeper. While (a)-(c) show relatively round patterns, (d)-(f) show greatly
elongated or even double spot damage and (g)-(i) also show elongation. Hence, the spatial energy
distribution was rather irregular as would be expected for the astigmatic beam.

Fig.3. SEM images of damage spots as a result of irradiation with the 3.9 pm beam, for intensities
of (a)-(c) 94 GW/cm?, (d)-(f) 103 GW/em?, and (g)-(i) 155 GW/cm®. The laser polarization was
horizontal with respect to the images. The damage threshold measurement was repeated three
times for each intensity.

Whilst the damage features observed in the femtosecond regime are generally highly
reproducible from shot-to-shot %, there are small differences between the SEM images in Fig. 3.
We attribute the variability to mirror vibrations during the scans. Another feature visible on the
SEM images in Fig. 3 is the ripple pattern. Ripples have been shown to build up gradually after
successive pulses with energy above the damage threshold are incident on a surface and are quite
commonly observed ***!. Sipe et al. studied ripple formation with much longer pulses at a shorter
wavelength and suggested that at normal incidence the ripple period should equal the wavelength
and should be perpendicular to the polarization ****. However, it appears that with femtosecond
pulses this simple relationship between wavelength and ripple spacing is no longer valid and sub-
wavelength ripples are often observed ***7. Recent experimental and modelling work has been
directed towards obtaining an understanding of periodic structure formation process and
controlling the ripple profile. This is an area of technological importance for a wide range of
applications requiring precise surface structuring. The research has identified that the ripple
parameters depend on both the number of incident pulses and on the fluence and pulse duration
and provided detailed numerical models that provide agreement with the structures observed
experimentally. Figure 3 shows that in our experiment the ripple spacing was 3.2 pm, which is
indeed sub-wavelength, and that the ripples are close to (although not precisely) perpendicular to
the horizontal polarization of the incident light.

5. Analysis and discussion

At room temperature, intrinsic Ge has an indirect-bandgap transition-energy of 0.66 eV. Hence
photons with wavelengths below 1.85 um have sufficient energy to promote carriers from valence
to conduction bands. As Ge is an indirect bandgap material, the absorption coefficient increases
dramatically for photons with a wavelength below 1.55 um as they have sufficient energy to excite
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carriers at band centre. (The direct bandgap energy is 0.8 eV.) At wavelengths between 1.85 pm
and 3.7 um, carrier creation requires at least two-photons and so the absorption coefficient drops
by orders of magnitude compared to the value at shorter wavelengths. For even longer
wavelengths, three or more photons are needed to create mobile carriers.

Although Ge is a widely used optical material in the mid-IR, it is notable that the material
normally used is lightly-doped n-type Ge, not intrinsic Ge, due to a subtlety of the valence band
structure. In p-type and intrinsic Ge, transitions of holes between valence sub-bands lead to three
strong IR absorption bands in the 2-10 pm region ***°. There is also a low density of thermally
excited electrons that leads to a background Drude-Zener type absorption with an approximately
A? dependence. For optical components, an optimum level of n-type doping is therefore chosen to
balance the suppression of the intra-valence-band transitions of holes and the increase in Drude-
Zener absorption due to the excess electrons *"**. Thus at 3.9 pm in typical 1-10 ohm.cm optical
grade germanium the dominant residual linear absorption mechanisms are weak Drude-
Zener absorption by both electrons and holes and weak spin-orbit split off valence band to heavy
hole absorption by holes.

At 3.9 um, where one and two-photon carrier excitation are forbidden, there have been no
damage studies investigating Ge optics with femtosecond sources. However, there are a wide
range of studies investigating the damage mechanisms of wide-gap transparent dielectrics which
provide useful background to the processes likely to occur with Ge optics. (These earlier studies
were performed due to the availability of femtosecond laser sources and the relevance of the
materials for laser optics and materials processing 2****'** ) Theoretical and experimental results
indicate that for pulses with durations above ~1-10 ps, the damage mechanism in wide-gap
dielectrics is thermal melting and hence the features which are created show some variability. For
femtosecond pulses, the initial free electron generation may be followed by non-thermal plasma
creation ** or nonthermal melting and the formation of an overcritical fluid leading via nucleation
to a rapid transition to vapour and liquid droplets that can be ejected ****° .

We note that the critical plasma density for damage in wide-gap dielectrics is typically
~1.6x 10*' cm™ for femtosecond pulses at a laser wavelength of 800 nm because the material
becomes highly absorbing when the free electron density exceeds the plasma density *’. At 3.9 um
the critical plasma density reduces to ~7 x 10" cm™. The room temperature carrier concentrations
of intrinsic and n-type “optical” Ge of ~3 x 10" cm™ and 1.6 x 10" cm™ respectively are at least
10* below that required for ablation. Brief calculations for three photon absorption carrier
generation using parameters measured at a similar wavelength by Seo et al. ** and based on their
equation (3) suggest that for a single pulse with fluence of 26 mJ/cm? on a Ge surface the carrier
density would be well below that required for melting to occur. (We have used energy balance to
calculate the temperature change that would occur on carrier recombination.) Therefore
accumulated defects from a train of pulses are an important modifying factor *°. Studies with ps
pulses on Ge at a wavelength of 584 nm >' are not directly comparable because at that wavelength,
single photon carrier generation is possible. Studies with longer pulses ** may involve processes
that occur within the duration of the pulse (e.g. carrier recombination and lattice heating), whereas
for fs pulses, thermalisation of the carriers created occurs on timescales longer than the excitation
pulse. Similar caution is applicable when comparing the results here with previous work at shorter
wavelengths showing that if sufficient free-carrier absorption occurred on the (non-thermal)
timescale over which the laser pulse deposits energy into the sample and then once >10% of
carriers from the valence band were non-thermally excited the (cold) lattice weakens and structural
changes readily occur ****. Additional data would be necessary in order to determine the precise
processes involved in this experiment.

The damage threshold can be altered by variations in the surface roughness and because of the
so-called “incubation effect”, whereby the damage threshold decreases below the single-shot
damage intensity as a sample is irradiated with a succession of sub-threshold pulses. Previous
studies »*, the symposium series on Laser-Induced Damage in Optical-Materials '>** and reports
from the symposia in subsequent years, refer to evidence that increased roughness leads to a
reduction in the damage threshold **°. In addition, the incubation effect “*>> can reduce the
iamage threshold by up to 70%, compared to the single-shot value, due to the formation of defects

In this work, the sample was scanned through the focus at a rate of 0.1 mm/s and a typical
scan through the focus required ~40-60 seconds to complete which, with the laser repetition rate of
1 kHz, resulted in ~10,000 pulses having been incident on the sample before the waist position
was reached. Since it has shown that the incubation effect typically saturates after 100 to 1000
pulses *°, the incubation effect is believed to have saturated in our experiment. The first row of
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Table 1 shows the number of pulses incident on the Ge crystal within the confocal parameter (i.e. 2
x Rayleigh range) of the focus at the intensity that marked the onset of damage. This corresponds
to the scan used to process the sample shown in the SEM images in Fig. 3 (a)-(c).

Table 1 also shows the number of pulses calculated to be within the confocal parameter for
the intensities used to create the damage features shown in Fig. 3 (d)-(f) and (g)-(i). For the higher
intensity damage there was a region of the scan below the damage intensity providing the
incubation effect, and then the onset of damage would occur. Further translation through the focus
would then create additional damage until the scan went back to a region where the intensity was
below the damage threshold. To provide an indication of how a variable intensity profile was
applied to the sample in this experiment the calculated pulse numbers in the three regions is
analysed in Table 1 (and the on-axis intensity is presented in Fig. 4).

Peak Rayleigh Number of laser pulses above and below Ity
Intensity Range (zr) | Incubation region Material After
(GW/ modification modification
cm?) (mm) (I <Iry) region (I > Iy) | region (I <Ipy)
94 6.2 61,500 NA 61,500
(50%) (50%)
103 5.6 39,200 33,800 39,200
(35%) (30%) (35%)
155 3.7 7,300 60,100 7,300
(10%) (81%) (10%)

Table.1. Number of pulses below and above the threshold intensity (Ity) as the sample was

scanned through the confocal parameter for the three sets of damage images shown in Fig. 3. .
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Fig.4. On-axis intensity of the beam, at positions through the focus, for the three sets of damage

images shown in Fig. 3.

We expect that improvements to the techniques used here may be implemented in the future,
but note that mid-IR studies are currently challenging to perform as they require building the beam
characterization equipment in-house and because beam viewers or fluorescent cards are not readily
available. Against this background, our data is the first to use femtosecond pulses at a wavelength
where more than two photons are required for carrier creation. The combination of n-type
substrate, multi-shot data and weakly multimode beam corresponds to the setup typically
encountered in applications based environments and represents a practical lower limit on the
damage threshold appropriate for field-based systems. The measurement should be of immediate
practical benefit to industrial scientists and laser engineers.



6. Conclusion

Nonlinear optics in the mid-IR wavelength region is a rapidly evolving research field with the
potential for developing a new generation of practical, high-brightness broad-bandwidth sources.
Particularly attractive mid-IR sources include the emerging technology of rare-earth doped fiber
pumped OPO/OPA systems. The addition of a crystal based element for broadening the
wavelength-span is an exciting possibility as it would enable the creation of broad bandwidth
sources for a range of novel applications. Germanium is both a well-known infrared optical
material and an excellent candidate for nonlinear applications in the mid-IR region due to its wide
transmission window (1.8-11 pm) and high third order optical nonlinearity. However, until now,
ultra-short pulse damage threshold measurements on Ge have not been measured at mid-IR pump
wavelengths.

We report the first measurement of the damage threshold of polished Ge using 255 fs pulses at
a laser wavelength of 3.9 um i.e. at a wavelength where one and two-photon-absorption induced
free carrier creation are prohibited. The sample was a lightly n-doped commercially available
diamond polished Ge optical window. The damage threshold was found to be
approximately 94 GW/cm®. The data should be of immediate use to industrial and applications-
based researchers requiring field-based reliability data on Ge optics for a wide-range of novel
future sources.
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