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Abstract: Single-mode GeySb,Seq strip waveguides, fabricated with
thermal evaporation and lift-off, were demonstrated at 1.03 um. The linear
and nonlinear optical properties of these waveguides were shown to be
similar to bulk samples, with differences attributed to small variations in
composition of ~4 atomic % or less. From z-scan measurements at 1.03 um
using circularly polarized, ~200 fs pulses at 374 kHz, Ge,sSb,Seqy was
found to have a nonlinear refractive index ~130 x fused silica and a two-
photon absorption coefficient of 3.5 cm/GW. Given the large two-photon
absorption coefficient, this material shows promise for optical limiting
applications at 1 pm.
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1. Introduction

Nonlinear optical effects can be useful for a number of applications, including ultrafast all-
optical switching [1], short pulse generation [2], and frequency combs [3]. Chalcogenide
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glasses, which contain a chalcogen element such as S, Se, or Te covalently bonded to at least
one other element, are a promising platform for compact, low threshold nonlinear optical
devices operating at near- to mid-infrared wavelengths. They have high nonlinearities [4],
transparencies up to 20 pm [5], and large figures of merit (ratio of nonlinearity to two-photon
absorption) [6]. We focus specifically on the chalcogenide glass GeySby,Seq because of its
As-free composition, large band gap [7], transparency to 14 um [8], and high glass transition
temperature of 300°C [8]. To date, most work characterizing this material’s nonlinear optical
properties has centered on telecom wavelengths. A better understanding of this material over
a wider wavelength range in both bulk and waveguide forms is crucial for leveraging its
nonlinear properties in device designs.

In this letter, we characterize the linear and nonlinear optical properties of GeySby,Seqo
bulk samples and waveguides at a wavelength of 1.03 pm. We find that the fabricated
waveguides have properties that are similar to that of bulk and are well-suited for optical
limiting in this spectral region.

2. Optical characterization of bulk Ge,sSb,Seg

The linear absorption of bulk GeysSby,Seq (commercially available) was determined to be o =
0.27 + 0.03 cm™', or 1.17 dB/cm, at a wavelength of 1.03 pm from measurements of the
reflected and transmitted power at Brewster’s angle, using a technique described by Ogusu et
al. [9]. Similar measurements on a reference sample As,Se; agreed with values in literature
[10].

The nonlinear refractive index n, and two-photon absorption coefficient £ of polished Ge-
Sb-Se bulk samples were measured using the z-scan technique [11], in which a sample is
translated through the focus of a Gaussian beam, and the transmission through a circular
aperture, placed in the far field, is recorded. Measurement of the transmission as a function of
position without the aperture allows for determination of f. For a Gaussian pulse shape,
transmission without the aperture is given by

7,, = aOn (1)

m=0 (m + 1)3/2 ,

for values of |gg| < 1, where gy = BlpL.i/(1 + x?), x = zA/(mw?), z is the distance of the sample
from focus, and m is an integer [11]. Here, /, is the peak on-axis intensity, w is the beam
waist, A is the wavelength, and the effective sample length, L.z = (1-¢™“)/a, where L is the
physical sample length and a is the linear absorption coefficient. Typically ¢,<<lI, and only
the first two terms of Eq. (1) contribute significantly. For larger values of ¢, additional terms
were included to ensure accuracy within 0.5%. For small refractive and absorption changes,
transmission through a partially closed aperture is given by

sx(dn) Pl G-+
A+x)O0+x7) 24201+ x)9+x%)

c —

@)

where the time-averaged peak on-axis phase shift is given by (Agg) = 2L m,I(1-5)">/(2)"°
for a Gaussian pulse shape, and S is the aperture transmission [12]. Larger changes can be fit
with a full expression given by Gu et al. [13].

A number of physical processes, including electronic polarization, thermal effects, and
free-carrier effects, can cause a nonlinear change in the refractive index, but their
corresponding response times and magnitudes vary greatly [14]. Nonlinear changes due to
electronic polarization are of particular interest, given their fast, fs response times. Although
the z-scan technique only measures the magnitude and sign of the nonlinearity, measurements
at different repetition rates can help distinguish the origin of the nonlinearity [15].

The light source used in these experiments was a mode-locked Yb-doped fiber laser
operating at a 37.4 MHz repetition rate, with ~200 fs Gaussian pulses at a central wavelength
of 1.03 um, modeled after a design by Ilday et al. [16]. An acousto-optic modulator (AOM)

#228920 - $15.00 USD Received 3 Dec 2014; revised 4 Mar 2015; accepted 4 Mar 2015; published 18 Mar 2015
©2015 OSA 23 Mar 2015 | Vol. 23, No. 6 | DOI:10.1364/0E.23.007870 | OPTICS EXPRESS 7872



was used as a pulse-picker to reduce the repetition rate to 374 kHz. A circuit containing a
high speed comparator, counter, and logic gates was designed to provide a fast, low duty
cycle trigger signal necessary to drive the AOM. Data was taken at these two repetition rates
(37.4 MHz and 374 kHz) with circularly polarized light, on 2 mm-thick polished bulk
Ge,Sb,Seqy samples. A series of open and closed aperture z-scan traces were taken over a
range of intensities from 20 to 95 MW/cm®. To account for sample inhomogeneities, z-scan
traces were divided by background traces taken at very low intensity levels, where the
nonlinearity would produce negligible effects. No changes or degradation to the sample
surface were observed in between or after measurements at the different repetition rates.

L02 1.10
1.01 ;e 1.03
5 0.99 '\.i e 0.95
0.98 0.88
0.374 MH b) 37.4 MH.
096 |2 : 0.80 | ® =
/7, 7/z,
1.01 1.05
1.00 M 1.00 |
5 =
2 @
5099 5 0.95
0.98 0.90
097 |(© 0374 MHz o5 | @374 MHz v
-10 -5 0 5 10 -10 -5 0 5 10
7/z, 7/z,

Fig. 1. Example closed aperture (a) and (b) and open aperture (c) and (d) z-scan traces taken on
GeysSbiaSeqp. Note that the traces on the left, (a) and (c), were taken at 0.374 MHz with I, =
88.5 MW/cm®. The traces on the right, (b) and (d) were taken at 37.4 MHz with I, = 35
MW/cm?. Data is shown by the black points, and the fits are represented with red lines.

Example z-scan traces at the two different repetition rates are shown in Fig. 1. At the
lower repetition rate, a noticeably smaller change in transmission was observed for both the
open and closed aperture z-scans, and large two-photon absorption obscured the typical
valley-peak shape of the closed aperture z-scan.

The fit values for the data at the two repetition rates, taken over a range of intensities, are
summarized in Fig. 2. Errors in £ and n, are approximately 11% and 20%, respectively. The
main sources of error in the measurements were laser power fluctuations and uncertainty in
the pulse width. At the high repetition rate, #, is enhanced, ranging from 15 to 21x107"7
m*/W, and increases slightly with increasing intensity, while the value of 8, roughly 30
cm/GW, also appears significantly enhanced. At the lower repetition rate, both n, and S show
no dependence on intensity, as expected.

We investigated whether the repetition rate dependence could be caused by thermal
effects, where the refractive index changes due to the thermo-optic coefficient and sample
heating from absorption. The temperature change, 47 of the sample due to linear absorption o
is given by AT = aLPyt/(MC,), where L, is the sample length, P, is the incident power, M is
the sample’s mass, C, is the specific heat, and ¢ is the bulk heating transit time [17]. For a
disk-shaped sample, ¢ is given by ¢ = 17/(6K), where r is the radius and « is the thermal
diffusivity [17]. Using the material values for our GeygSb,Seq sample (o = 0.27 em™, L, =2
mm, » = 1.27 cm, M = 4.72g, k = 0.1626 mm?s, t = 165.4 s, C, = 033 J/g-K) [18], we
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calculate 47~0.011-0.057 K for the Py~2-10 mW used at the high repetition rate of 37.4
MHz, and we calculate A7~4.6-6.9 x 10" K for the Py~80-120 pW used at the lower
repetition rate of 0.374 MHz. Using the thermo-optic coefficient dn/dT = 78.8x10™%/K for
GegSbrSeqp at A = lum [19], we estimate corresponding change in refractive index from
these absorption-induced temperature changes to be 0.9-4.5 x 107 at the high repetition rate,
and 4.6-6.9 x 107* at the low repetition rate. In comparison, the measured index changes, dn =
n,ly, from the z-scan for the high and low repetition rates were 0.3-1.67 x 10~ and 2.6-3.2 x
107° respectively, nearly two orders of magnitude larger than what we’d expect from thermal
effects. From these calculations, effects due to the thermo-optic coefficient are insignificant,
contributing only a few percent of the total measured change in refractive index at both
repetition rates. While others have observed cumulative nonlinearities from free-carrier
refractive and dispersive contributions in chalcogenide glasses, these are expected to be
negligible at both repetition rates due to the short pulse durations used [20].

(a) (b)
100 o 100 —m
g L5
2 =
B =
fs > O & ? - o ) & o—X
2z £g 10
< = =
=5 g
= =10 =
S E ek
£= S
A~ %% ) 3
z s 37.4 Mtz E Ho 37.4 MHz ——
= ® 0.374 MHz =  ®0.374 MHz
1 = : 2 01 ' :
0 20 40 60 80 100 0 20 40 60 80 100
Peak On-Axis Intensity (MW/cm?) Peak On-Axis Intensity (MW/cm?)

Fig. 2. Plots of (a) two-photon absorption coefficient, f and (b) nonlinear refractive index, n,
of GepsSbi2Seqo as a function of peak on-axis intensity, measured by the z-scan technique for
two repetition rates, 0.374 MHz and 37.4 MHz. Errors in # and n;, are approximately 11% and
20%, respectively. At 0.374 MHz, = 3.5 cm/GW and n, = 3.4x10™"* m¥W. Enhanced values
of f# and n, observed at the higher repetition rate are believed to be a cumulative effect caused
by the photosensitivity of the material.

One possible origin of additional nonlinearities includes effects from photosensitivity,
which we will now discuss in more depth. A variety of Ge-Sb-Se glasses and other
chalcogenides have been shown to exhibit photodarkening, in which the band gap red-shifts
and absorption and refractive index increase upon illumination close to the band edge [21—
23]. Miller’s Rule, which relates the linear refractive index n, to n,, predicts that the increase
in ny from photodarkening would increase n, [24,25]. Additionally, Sheik Bahae’s model for
the dispersion of n, and f predicts that a decrease in band gap energy, such as that produced
by photodarkening, will increase both n, and £ [26]. Indeed, an increase in n, after
photodarkening with a fs laser has been observed in other chalcogenides, such as Ge-Sb-S
and As,S; [27,28]. Since the magnitude of the property changes from photodarkening can
depend on illumination characteristics, these changes could also produce an effective
cumulative nonlinearity [20]. In the case of Ge-Sb-Se glass, one would expect that a red-shift
in the band edge would lead to higher two-photon absorption and higher linear and nonlinear
refractive indices, consistent with the direction of the shift we observe at the higher repetition
rate. Given this, along with the magnitudes measured, the enhanced effective f and n; at the
higher repetition rate were likely caused by a cumulative effect stemming from
photosensitivity.

From the data at the lower repetition rate, we measure 7, = 3.4 + 0.4x10™"® m*W and f =
3.5+ 0.2 cm/GW on the GeygSbi,Seqy sample for circularly polarized light. These results at
the lower repetition rate are independent of intensity, and of the same order of magnitude as
those seen for other chalcogenides, even for experiments using short pulses at much lower

#228920 - $15.00 USD Received 3 Dec 2014; revised 4 Mar 2015; accepted 4 Mar 2015; published 18 Mar 2015
©2015 OSA 23 Mar 2015 | Vol. 23, No. 6 | DOI:10.1364/0E.23.007870 | OPTICS EXPRESS 7874



repetition rates on the order of 1 kHz to 10 Hz [22,24,29]. For example, Petit et al. measured
n, = 11.5 £ 3x107™"™® m*W and = 4.9 £ 0.6 cm/GW for Ge,sSb;Sees using the z-scan
technique with a 15 ps, 10 Hz Nd:YAG at 1.064 pm [29]. Since photorefractive effects often
lead to very strong nonlinear responses and can be intensity-dependent, this comparison and
lack of intensity-dependence strongly suggests the 0.375 MHz results include only the two
photon absorption and Kerr effect. A time-resolved method such as pump-probe will not be
able to determine the origin of the nonlinearity, because photodarkening can produce both
cumulative nonlinearities, as well as ultrafast nonlinearities due to changes in the band gap
energy, as discussed earlier. Photosensitivity-induced changes can be clearly identified by
changes in bond structure [30-32]. Thus, a technique capable of sensing structural changes,
such as a Raman spectroscopy or X-ray absorption spectroscopy, may more directly probe the
presence of photosensitivity [30-32], but it is beyond the scope of this paper.

For GeygSby,Seq, we calculate a figure of merit, FOM = ny/(ff2) of 0.094 at 1.03 pm.
While the low FOM indicates that the glass is not well-suited for switching applications at 1
pm, the high S suggests promise for optical limiting applications in this spectral region.

(@) ©
~ 70
é/ 60 thin fllm_
gb 50 ; = bulk
-~ v .5
§ 40
E 30
o 20 —o 0
E 10 —& :
< 0

y (microns)
in

(b)
-1.0

-1.5

-2.0
33 22 -11 0 11 22 33
X (microns)

Fig. 3. (a) Atomic composition of thin film and bulk Ge-Sb-Se samples. (b) Scanning electron
micrograph of a chalcogenide strip waveguide, consisting of silicon substrate, 3-um-thick
Si0,, a 2.2-um-wide and 45-nm-thick Ge-Sb-Se layer, and air upper cladding. (c¢) Simulated
mode profile for the single-mode Ge-Sb-Se strip waveguide. The black dotted rectangular
outline indicates the x and y position and size of the Ge-Sb-Se core relative to the mode.

3. Waveguide fabrication

For thin film devices, chalcogenides are typically prepared in bulk glass form and then
deposited onto a substrate using thermal evaporation [33], pulsed laser deposition [34], or
sputtering [35]. Thermal evaporation is a particularly attractive, simple technique that yields
high quality films. To fabricate waveguides, we thermally evaporated Ge,sSb,Seq glass onto
a Si wafer with a 3 um oxide layer and used lift-off to pattern strip Ge-Sb-Se waveguides of
2.2 pm width and 45 nm height.

Energy Dispersive X-ray Spectroscopy (EDS) measurements on thin Ge-Sb-Se films
confirmed that the stoichiometry of the fabricated thin films is within 4 atomic % of the bulk
material, as shown in Fig. 3(a). The waveguide dimensions were chosen to ensure single-
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mode operation at 1.03 pm and enable quick, straightforward patterning with
photolithography, rather than electron-beam lithography. Figure 3(b) shows a scanning
electron micrograph (SEM) of the fabricated waveguides. The surface roughness was
measured to be 0.8 nm using atomic force microscopy (AFM). The average sidewall
roughness was measured to be 11.8 nm using data from high resolution SEMs. These
measured roughness values are comparable to values obtained by other groups using a similar
fabrication process [36].

4. Waveguide characterization

Light was coupled in and out of the Ge-Sb-Se waveguides using high numerical aperture (NA
= 0.35) fibers mounted on piezo-actuated three-axis stages for precise alignment. Horizontally
polarized light was used to match the polarization of the guided mode. The linear loss of the
Ge-Sb-Se waveguides was measured by coupling low power, cw light into a given
waveguide, and recording the intensity of the light scattered above the waveguide surface as a
function of distance along the waveguide using a CCD image sensor. The intensity of the
scattered light is proportional to the intensity of the light remaining in the waveguide, and
thus a fit of the scattered light intensity vs. distance curve to a decaying exponential will yield
the total loss. A linear loss measurement on one waveguide is shown in Fig. 4. Averaging
over measurements on six adjacent waveguides, the linear loss was determined to be 11.9 + 1
dB/cm. Note that the loss measurement includes material absorption, as well as scattering loss
from the surface and sides of the waveguide.

100  data
—fit

(arbitrary units)

0 T T T T
0.178 0.278 0.378 0.478 0.578 0.678

Scattered Light Intensity

Distance Along Waveguide (cm)

Fig. 4. Plot of scattered light intensity vs. distance for a single-mode Ge-Sb-Se waveguide at a
wavelength of 1.03 um. A fit to a decaying exponential yields a total loss of 2.8 £ 0.3 cm™, or
12.2 dB/cm, for the waveguide illustrated. An average total loss of 11.9 = 1 dB/cm is obtained
for measurements on six adjacent waveguides.

The waveguide loss due only to material absorption is given by
a, = H a(x,y)| E(x,y) " dxdy/ ” | E(x,y)|*dxdy , where E(x,y) is the x-component of the

wg,mat

electric field of the TE mode at the location (x,y) in the waveguide cross section and a(x,y) is
the material linear absorption at the location (x,y). Since the fabricated thin films appear to
have similar composition to the bulk, we expect that the material absorption of the waveguide
core material is similar to that of the bulk glass, 0.27cm™" or 1.17 dB/cm. The under cladding
Si0O, material has negligible absorption at 1.03 pm. Simulating the electric field of the guided
TE mode [37] and calculating the overlap integral of the field with the linear absorption, we
estimate loss in the waveguide from material absorption to be 0.15 dB/cm, leaving ~11.75
dB/cm of loss due to scattering. Note that the contribution of material loss to the total
waveguide loss is low due to the weak ~13% confinement of the mode to the core material.
Due to the asymmetric waveguide geometry, the electric field of the guided mode is very
weak near the sidewalls of the waveguide, but it is strong near the surface, as illustrated in
Fig. 3(c). Thus, we expect scattering loss due to surface roughness, rather than sidewall
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roughness, to dominate. Approximating the waveguide as a slab waveguide and following the
theory of Payne and Lacey [38], the scattering loss due to 0.8 nm surface roughness is
expected to be on the order of 13 dB/cm. This calculation is consistent with our
measurements. For comparison, etched high-contrast, chalcogenide-based embedded strip
waveguides have been shown to have losses ~10-15 dB/cm [39]. Measurements made at 1550
nm on single-mode thermally-evaporated chalcogenide waveguides with significantly smaller
core aspect ratios suggest that lower losses on the order of 2-6 dB/cm for strip waveguides
and < 0.5 dB/cm for rib waveguides are possible [36]. While our measured loss is reasonable
for the given design, we expect the scattering loss of Ge-Sb-Se waveguides can be similarly
reduced by optimizing the design of the strip waveguide cross section dimensions to decrease
the field at the surface and thereby decrease scattering loss, or by using a rib waveguide
design.

Loss in a waveguide due to both linear absorption and two-photon absorption is described
by the following equation:

1—e "
l — [ ]ﬂwg I+ eang , (3)
T o

where 1/T is the reciprocal transmission, / is the incident peak intensity, o is the linear
absorption of the waveguide, B, is the two-photon absorption coefficient of the waveguide,
and L, is the length of the waveguide [40]. At high intensities, saturation of the two-photon
absorption has been observed in chalcogenide materials [41,42], and it can be modeled with a
saturation intensity I, and an effective two-photon absorption coefficient, Sz = [1 + 1/
Isa,]_l,b’wg [43]. The nonlinear loss of Ge-Sb-Se waveguides was measured by coupling linearly
polarized, 7 ps-long pulses from a Yb-doped fiber laser at a 37.4 MHz repetition rate into 6
mm-long waveguides and measuring the output intensity as a function of input intensity. To
determine the coupling loss at the input and output waveguide facets, measurements were
made launching light forwards through the waveguide, and then backwards, switching input
and output fiber patch cord connectors while leaving the high numerical aperture coupling
fibers fixed in position. Figure 5 shows the reciprocal transmission as a function of incident
peak intensity. Since saturation became noticeable at intensities around 1 GW/cm?, data was
fit to Eq. (3), replacing f,, by fes and using p,,, a, and I, as fitting parameters. Earlier
independent measurements of o for the waveguides agreed with values from fits. An average
of fits to three data sets yields f,, = 11.5 £ 0.7 cm/GW and [, = 4.3 £ 0.7 GW/cm? for the
waveguides. The main sources of uncertainty are the measured output power and coupling
efficiency.

When comparing nonlinearities measured in the waveguides to those measured in bulk,
the polarization, waveguide confinement factor, and illumination conditions must all be taken
into account. For amorphous materials, both n, and f depend on polarization, with n," =
2n,"™/3 and " = 2"™/3, where n,"" and " are values for circular polarization, and n,"" and
"™ are values for linear polarization [14]. To estimate the expected nonlinearity of the
waveguide structure, the overlap of the guided mode with the core and cladding layers was
calculated, weighting each with the appropriate nonlinear material properties for linear
polarization, under similar 37.4 MHz repetition rate illumination conditions. In particular,

B, = ” B, )| EGxy) [ dxdy/ | j [E(x,y)[* dxdy , where E(x,y) is the x-component of the

electric field of the TE mode at the location (x,y) in the waveguide cross section, and S(x,y) is
the material two-photon absorption coefficient at the location (x,y). From this calculation, we
would expect f,, to be 5.8 cm/GW. This value is within a factor of 2 of our measured value
for the waveguides. It is important to note that small changes in composition of Ge-Sb-Se
glasses have been shown to greatly affect the two-photon absorption coefficient near 1 pum,
with £ increasing with increasing Sb content [22]. Given the small but measurable differences
in stoichiometry, shown in Fig. 3(a), we expect the difference in S can be explained by the
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slight increase in Sb-content and decrease in Ge-content in our fabricated waveguides
compared to the bulk.

50 :
data
—ﬁt T

1

30 =

40 ||

20 —

10 ™"

Reciprocal Transmission

0.0 0.5 1.0 1.5 2.0
Incident Peak Intensity (GW/cm?)

Fig. 5. Plot of reciprocal transmission as a function of incident peak intensity for a single-mode
Ge-Sb-Se waveguide. The average effective two-photon absorption coefficient of the
waveguide is measured to be 11.5 £ 0.7 cm/GW.

The input and output spectra from our waveguides were also measured, revealing a weak,
power-dependent broadening of the spectral full-width at half-maximum (FWHM). Estimates
of spectral broadening from split-step numerical solutions to the Nonlinear Schrodinger
Equation, using the expected effective n, for the waveguide and measured f,,, with saturation,
suggest the changes in FWHM are predominately due to S selectively decreasing the high-
intensity peak of the pulses, making accurate determination of 7, for the waveguide difficult.

5. Conclusion

In summary, we fabricated single-mode, air-clad, strip Ge-Sb-Se waveguides with similar
composition and properties to bulk Ge,sSbi,Seqy glass. In bulk, using a reduced 374 KHz
repetition rate, 7, = 3.4 + 0.4x10™"* m*/W and f = 3.5 £ 0.2 cm/GW. In the waveguides, the
linear loss, 11.9 dB/cm on average, was dominated by scattering loss. The nonlinear loss of
the fabricated waveguides was 11.5 cm/GW, reasonable considering the enhanced value of
with the 37.4 MHz repetition rate, the overlap of the mode with the waveguide structure, and
slight variations in composition. We expect changes in waveguide geometry to increase the
power confined in the chalcogenide core can help to both reduce the effect of scattering loss
and increase the effective nonlinearity of the waveguide.

Although two-photon absorption for the bulk and the waveguides is large at 1 pm and will
limit the realm of nonlinear device applications in this wavelength regime, Lenz et al. have
shown that the figure of merit improves substantially at 1550 nm, farther from the band edge
of the material [44]. In the future, we plan to optimize, fabricate, and characterize Ge-Sb-Se
waveguide devices at 1550 nm and 3000 nm, where we anticipate the material will not suffer
from large nonlinear absorption.
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