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In this paper, we determine the optical nonlinear coefficient of hydrogenated amorphous silicon

(a-Si:H) waveguides. Up to date, the data reported in the scientific literature for similar structures

show a very large variability and the final assessment of their nonlinear performance is still an open

issue. We performed a complete and careful characterization of more than 50 waveguides. A

nonlinear coefficient of 790þ j20 W�1 m�1 was found, confirming that a-Si:H is a good candidate

for nonlinear silicon photonic devices. Nevertheless, free-carrier-dynamics exhibits a recombination

time in the nanosecond range, which can hinder their exploitation in ultrafast applications requiring

high-power optical beams. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823579]

Hydrogenated amorphous silicon (a-Si:H) is a promising

material for silicon photonics. The low temperature required

for its deposition provides an excellent compatibility with

standard CMOS (complementary metal-oxide-semiconduc-

tor) processes. Besides, recent works pointed out that a-Si:H

exhibits a large optical third order nonlinearity (larger than

that of crystalline silicon)1 making this material an ideal can-

didate for the development of silicon-based all-optical signal

processing devices. At the state of the art, the data reported

in the literature, concerning a-Si:H nonlinear parameters,

show a great disagreement.1–7 As shown in Fig. 1, the real

part of the nonlinear coefficient c, measured in waveguides

with similar mode field diameter and linear properties, shows

a great variance, covering the whole range from

100 W�1 m�1 up to 3000 W�1 m�1. In addition, a similar

spread in the data concerns also the two photon absorption

(TPA) coefficient of the material and the free carrier lifetime,

both having a considerable impact in ultrafast applications

and in the design of nonlinear devices. The origin of such a

great disagreement among the data reported in the literature

is still an open issue. The different a-Si layer deposition pro-

cess1,2,5 could have a crucial role.

In this paper, we present the results achieved by an accu-

rate nonlinear characterization of more than 50 a-Si:H wave-

guides fabricated by CEA-Leti laboratories. The data set

reported in this work was obtained by characterizing several

dices, each containing optical waveguides with lengths rang-

ing from 0.2 to 8 cm, thus, assuring a high level of reliability

of the measured data.

The obtained results demonstrate that a-Si:H exhibits an

enhanced figure of merit (FOM8) with respect to standard

crystalline silicon, even if the TPA and Free Carrier

Absorption (FCA) effects are not negligible, when very high

beam intensities are considered, thus, imposing some limita-

tions for ultrafast applications.

To fabricate the waveguides, a 220-nm thick film of

a-Si:H film was deposited by means of Plasma Enhanced

Chemical Vapor Deposition (PECVD) at 350 �C, on a 1.7-lm

thick silicon-oxide layer. A first etching step was used to

define grating coupler patterns with an etching depth of

70 nm. After deposition of a silica hard mask, a full etch step

(etching depth of 220 nm) was performed to define the wave-

guide layout. Several straight and serpentine waveguides

(with a fixed 500�220 nm cross section) were obtained with

lengths varying from 0.26 cm to 8.26 cm. Finally, a protective

500 nm oxide upper cladding was deposited on the top of the

waveguides. Focusing grating couplers, designed to only cou-

ple the transversal electric mode (TE-mode), were fabricated

at each side of each waveguide.

As a first step, we performed a linear characterization of

the waveguides, which is a fundamental step towards the

accurate evaluation of all the nonlinear parameters. The

transmission loss was experimentally evaluated by combin-

ing several measurements on waveguides with different

length. Coupling efficiency was optimized by setting the

angle between the axis perpendicular to the grating surface

and the input single mode fiber (SMF) at 12�. The grating

coupler exhibited a �3 dB transmission bandwidth equal to

33 nm, with a central wavelength of 1550 nm. An all fiber

polarization controller was used in order to set the polariza-

tion state of input beam. The input power was monitored by

a 99%-1% fiber-based tap coupler, located at the input side.

At the waveguide output, the light was coupled to another

single-mode fiber tilted by the same angle via a second

FIG. 1. Diagram showing the values of the real and imaginary part of c
reported in the scientific literature, for waveguides similar to those analyzed

in this paper. Given the very large difference in the measured values, a log-

log plot was used.
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grating and a power meter was then used to monitor the out-

put power. The overall loss was attributed to three different

contributions: fiber-to-chip coupling (aCOUP), measured at

the center of grating band, propagation in the straight-

waveguide section (a0), and waveguide bends (aBND).

Thanks to the presence of waveguides with different lengths

(L) and with a different number (N) of 90�-bends (always

with 10 lm curvature radius), we separately assessed the loss

introduced by each element. The obtained results, reported

in Table I, show that the standard deviation of measured pa-

rameters is about 10%. Propagation losses are comparable to

those reported in Refs. 1–4, and 6. Significant lower values

could be achieved by means of low roughness resist and

etching as shown in Ref. 5. Moreover, we note that the cou-

pling loss resulted significantly larger than expected

(�9.97 dB/grating), probably due to an over-etching error

occurred in grating fabrication.

After the analysis of linear properties, the nonlinear pa-

rameters of the waveguides were tested, starting with the

assessment of the real part of the c coefficient, Re(c), by means

of a continuous wave (CW) Four Wave Mixing (FWM)

experiment, realized using the setup shown in Fig. 2 (left). An

intense CW beam (the FWM “pump”) and a weaker

CW-radiation (“signal”) tunable in the range of 1530–1560 nm

were combined by a 90/10 (pump/signal) fiber coupler and

input to the waveguide under test. All-fiber polarization con-

trollers were used to set the input polarization state of both

radiations. The output radiation was collected by a SMF,

coupled to an Optical Spectrum Analyzer (OSA), and the

FWM efficiency was evaluated as the ratio between the power

of the idler beam and the signal beam, both measured at the

waveguide output. As an example, we report in Fig. 2 (right)

the optical spectrum measured at the output of a 2.26-cm long

spiral waveguide, and we show the corresponding FWM effi-

ciency. The pump-to-signal detuning was initially set to a very

small value (�0.4 nm), to make negligible the impact of

dispersion-induced phase-mismatch. In addition, all the meas-

urements were performed in a “moderate-power” regime

(power in the waveguide <10 dBm), so that TPA and FCA

effects could be considered as negligible.

Starting from the experimental data, Re(c) was then cal-

culated using Eq. (1), where Leff is the effective nonlinear

waveguide length,9 and the g coefficient accounts for both

propagation loss and the phase-mismatch induced by wave-

guide dispersion9

ReðcÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PiðLÞ=PsðLÞ

p
gPpð0ÞLef f

: (1)

Waveguides with different lengths (in the range of

0.26–4.68 cm) fabricated on several (50) dices were meas-

ured and the pump power was varied from �20 to 5 dBm

(at the beginning of the strip waveguide). We estimated

Re(c)¼ 790 6 50 W�1 m�1 with an error that can be mainly

ascribed to the coupling loss uncertainty.

It is worth underlining that the obtained value is in good

agreement with the results reported for similar waveguides

in one work only.3 Assuming the mode effective area equal

to �0.14 lm2 as resulted from numerical simulations, we

could estimate that the nonlinear refractive index n2 of

a-Si:H is �2.8 � 10�13 cm2/W. Moreover, it is important to

highlight that we measured FWM efficiency also as a func-

tion of the time exposure, and differently from what reported

in Ref. 3, we never observed any reduction of the nonlinear

efficiency, even after propagation of high-power CW radia-

tion (>20 dBm) in the waveguides for a time-interval >4 h.

By measuring the FWM efficiency as a function of the

pump-to-signal detuning (Dk), we could estimate the value

of waveguide dispersion at k¼ 1550 nm, which resulted

�380 ps nm�1 km�1. As no modulation-instability peaks

were observed in the FWM-efficiency vs. detuning curve,

we expect the waveguide to be in the normal-dispersion

regime.9

As a second step, the imaginary part of the nonlinear

coefficient, Im(c), was obtained by measuring the transmis-

sion of short pulses as a function of the input power in a

propagation regime involving TPA. The exploitation of

120 fs pulses at 82.5 MHz repetition rate (duty-cycle � 10�5,

output by a Spectra Physics OPAL tuned at 1550 nm)

allowed distinguishing the impact of TPA from that of FCA.

The last one mainly depends on the average power, and the

pulse-to-pulse time interval is sufficiently large to allow for

carriers recombination. The value of Im(c) was then calcu-

lated starting from the following differential equation,8

where P(z) is the pump power and a0 is the linear loss:

d

dz
PðzÞ ¼ �a0PðzÞ � 2jImðcÞjP2ðzÞ: (2)

By assuming a hyperbolic-secant pulse temporal-profile, it is

possible to analytically derive the dependence of the average

transmitted power, PT, on the input pulse peak power P0

(Ref. 8)

TABLE I. Linear Loss coefficients obtained from the linear characterization

of more than 50 a-Si:H waveguides.

Parameter Value Standard deviation Unit

aCOUP 9.9 0.1 dB/grating

a0 4.2 0.4 dB/cm

aBND 0.020 0.005 dB/90�-bend

FIG. 2. On the left: FWM experimen-

tal scheme (PM¼Power Meter. OSA

¼Optical Spectrum Analyzer). On the

right: example of a trace recorded by

the OSA.
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PT ¼ e�a0L
ln
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2jImðcÞjLef f P0

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2jImðcÞjLef f P0

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2jImðcÞjLef f P0Þð1þ 2jImðcÞjLef f P0Þ

p P0:

(3)

Using the a0 previously evaluated and the pulse peak power

that can be extracted from the experimental data, we could

thus assess the value of Im(c) by fitting the PT-vs-P0 curve.

In Fig. 3, we show three typical PT-Vs-P0 curves, obtained

on waveguides with different lengths, all well fitted by using

the same value for Im(c)¼ 20.5 W�1 m�1 with a relative

error of 65%.

By combining the data on real and imaginary part of c,

one can easily estimate a FOM¼ 3.06, confirming that

a-Si:H is a very promising material for the realization of

nonlinear all-optical devices. These results push for a proper

characterization also of the phenomena related to FCA,

which could indeed limit the maximum operation speed of

an a-Si:H based device operated in high power regime. Also,

in this respect, the data reported in the scientific literature

show strong discrepancies with free-carriers recombination

time-constants ranging from values <100 fs (Ref. 5) up to a

few nanoseconds.3

The impact on pulse propagation of the FCA can be

described by the following equation, where aFC is the

absorption coefficient due to free carriers, and NFC is the

number of free carriers per unit of volume:

d

dz
Iðz; tÞ ¼ �½a0 þ aFCNFCðtÞ�Iðz; tÞ � bI2ðz; tÞ: (4)

The value of aFC and the recombination time of free carriers

generated by TPA were separately determined by performing

two different experiments, both exploiting TPA to excite

free carriers.

The first experiment, aimed at the evaluation of free car-

riers’ recombination time, was carried out by using a pulsed

pump beam (120 fs optical pulses, output by an OPAL

Spectra Physics) to excite FC, and a CW probe beam to mea-

sure the temporal behavior of the transmission coefficient.

The two beams were tuned at kP¼ 1540 nm and

kS¼ 1560 nm, respectively, combined by a 50/50 fiber cou-

pler and then input to the waveguide. At the waveguide out-

put, the pump beam was removed by using two band-pass

filters, which ensured an extinction ratio of 50 dB, and the

probe beam was detected through a fast oscilloscope (HP

15 GHz model 11982A) to retrieve the temporal behaviour.

For low values of pump peak power (e.g., P0< 10 dBm in

the waveguide), the transmission of the probe was almost

constant in time; conversely, for P0> 10 dBm, a periodic

depletion of the probe beam was observed, in correspon-

dence of pump beam pulses, as shown in Fig. 4 (left panel)

which reports the experimental trace obtained with a

0.26 cm-long waveguide. This behavior is related to the ab-

rupt rise of NFC induced by TPA that can be described

through the following equation:10

d

dt
NFCðz; tÞ ¼

bI2ðz; tÞ
2hx0

� NFCðz; tÞ
s

: (5)

After the initial power drop, caused by the TPA-excited free-

carriers, a two-phase recovery process can be observed: a

very fast process responsible for the initial recovery of about

10% of transmission and a second (slower) process yielding

a relatively long power-recovery tail. Experimental data can

be fitted by the superposition of two exponential functions

with time s1< 50 ps (fast recovery) and s2¼ 1.87 ns. Due to

the limited bandwidth of the photodiode, we were not able to

assess the fast temporal dynamics of the first exponential tail

that can be considered just as an upper bound value.

We ascribe the initial fast response to the carrier ther-

malization in the extended band tails as analogously reported

in Ref. 11. In principle, for higher pump power regimes, also

cross-TPA could contribute to the initial fast response, and

further studies are currently ongoing to clarify this point. On

the other hand, the slower transient, responsible for the larg-

est fraction of the FCA, can be associated to the excited car-

riers that diffuse and recombine at the waveguide surfaces.

We note that this slow FCA term is quite large, in contrast

with the results reported in Ref. 5, and thus it can strongly

affect the ultrafast behavior of optical devices operated at

high input power.

In the second experiment, carriers were excited using a

CW beam, so that the time evolution of NFC can be described

by Eq. (5). It is thus possible to evaluate NFC in steady state

conditions and to substitute the obtained value in Eq. (4),

removing also the time-dependence of I, as a CW beam is

considered

FIG. 3. PT-vs-P0 curve for (a) 0.26 cm, (b) 2.26 cm, (c) 4.26 cm long wave-

guides. Red circles are experimental data while the blue trace is the fitting

function. The green-dashed line represents the theoretical linear transmission

without TPA effect.

FIG. 4. Left: Free carrier recovering time experimental trace (P0¼ 10 W).

Right: example of the transmission curve used to estimate aFC

(L¼ 2.26 cm); red circles are the experimental data, the blue trace is the fit-

ting function, and the green dashed line represents the theoretical curve

without TPA and FCA effects.
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d

dz
IðzÞ ¼ �a0IðzÞ � bI2ðzÞ � aFC

bs
2hx0

I3ðzÞ: (6)

By exploiting a0, b, and s parameters that were previously

determined, aFC could be experimentally evaluated by meas-

uring the output power as a function of input power, and by

fitting the obtained curve by using Eq. (6) (see Figure 4,

right). Using this procedure, we obtained an aFC value equal

to 0.8� 10�17 cm2, which is only slightly lower than that

measured in c-Si waveguides.12

As a final validation of the obtained parameters, we

repeated the FWM experiments by measuring the conversion

efficiency for larger pump powers, in a regime where the

role of TPA and FCA becomes crucial, limiting the maxi-

mum achievable efficiency. In Fig. 5, we report the conver-

sion efficiency-vs-pump input power: red circles represent

the experimental values, while the blue line is obtained by

numerical simulations, considering the above reported values

of a0, b, s, and aFC. The dashed green line represents the pre-

dicted FWM efficiency when TPA and FCA are not present.

The very good agreement between the experimental

results and the values calculated by numerical simulations

confirms the reliability of our previous analysis. We can thus

conclude that a-Si:H is a very promising material for the real-

ization of nonlinear optical devices by CMOS-compatible

technologies. Furthermore, the results obtained for the c coef-

ficient are in good agreement with those reported in Ref. 3,

but at contrast no degradation of the material properties, even

after long-time operation with high beam power, was

observed.

The authors acknowledge the staff team of CEA-Leti

clean rooms for the waveguides fabrication.
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