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Abstract: Hydrogenated amorphous silicon (a-Si:H) has been already 
considered for the objective of passive optical elements, like waveguides 
and ring resonators, within photonic integrated circuits at λ = 1.55 μm. 
However the study of its electro-optical properties is still at an early stage, 
therefore this semiconductor in practice is not considered for light 
modulation as yet. We demonstrated, for the first time, effective electro-
optical modulation in a reverse biased a-Si:H p-i-n waveguiding structure. 
In particular, phase modulation was studied in a waveguide integrated 

Fabry-Perot resonator in which the VπLπ product was determined to be  

63 Vcm. Characteristic switch-on and switch-off times of 14 ns were 
measured. The device employed a wider gap amorphous silicon carbide  
(a-SiC:H) film for the lower cladding layer instead of silicon oxide. In this 
way the highest temperature involved in the fabrication process was 170°C, 
which ensured the desired technological compatibility with CMOS 
processes. 

©2011 Optical Society of America 

OCIS codes: (130.3120) Integrated optics devices; (230.2090) Electro-optical devices; 
(130.4110) Modulators; (160.3130) Integrated optics materials. 
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1. Introduction 

A great deal of research efforts and technological investment has been deployed over the last 
years to obtain the integration of photonic and electronic functions on the same CMOS 
microchip. The main target has been to solve the problem of the communication bottleneck at 
chip level for System-on-Chip’s, while many other fields might take advantage from this 
technology, e.g. chip-to-chip communications, system-to-system communications, electro-
optical sensors. 

Two main approaches have usually been considered in this respect: the combined front-
end fabrication of photonic and electronic components within the same CMOS layer [1,2], and 
the back-end fabrication of a photonic layer with a separate process from that of the CMOS 
electronic microchip [3,4]. Bonding and adhesive bonding [5] technologies also fall into this 
category. One advantage of this second approach regards the substantial independency of the 
two fabrication steps, which may take place virtually in two distinct technological facilities, 
with no impact at all on the circuit design, an event that would be most welcome by IC 

#138684 - $15.00 USD Received 29 Nov 2010; revised 31 Dec 2010; accepted 7 Jan 2011; published 1 Feb 2011
(C) 2011 OSA 14 February 2011 / Vol. 19,  No. 4 / OPTICS EXPRESS  2942



designers and manufacturers. Within the same category we have also considered the 
hypothesis of direct fabrication of a photonic layer above the CMOS microchip as a post-
processing phase. Necessarily, in this case the photonic layer technology should be absolutely 
CMOS-friendly, which mainly means it must rely on low temperature processes. 

In recent years hydrogenated amorphous silicon (a-Si:H), deposited using the CMOS-
compatible low temperature (120-400°C) plasma-enhanced chemical vapour deposition 
(PECVD) technique, has emerged as a useful material for producing on-chip optical 
interconnects. The interest in a-Si:H is in part justified by its very mature technology, which 
takes advantage of decades of study and an impressive literature concerning thin film solar 
cells [6] and thin film transistors (TFT). 

Many scientific reports have been published in relation to waveguiding devices made of a-
Si:H [7–11]. The evidence suggests that a-Si:H could pave the way to a form of technology 
whereby a photonic layer could be easily laid directly onto a CMOS microchip at the very end 
of its production, probably the most simple and less invasive technology available. 

The use of a-Si:H in micro-electro-photonics might however reach a real breakthrough if, 
beside its passive role, this material could demonstrate attitudes for an active role, i.e. for 
signal conditioning, within the same photonic layer. To date, however, only a small number of 
examples have been reported of extremely basic, waveguide integrated active devices made of 
as-deposited a-Si:H [7,12–16]. In all of these cases, the switching bandwidth was limited to 
far less than 1 MHz. To the best of our knowledge, no other experiment has been reported of 
direct electrical modulation of communication wavelengths in a-Si:H guided wave devices, 
unless we consider the recent results obtained with deposited poly-Si thin film devices by 
Preston et al. [17,18]. They first demonstrated all-optical carrier-injection ring resonators [17] 
performing 135 ps response time and later a 2.5 Gbps electro-optic modulator [18], with the 
intention of making viable the vertical integration of photonic networks with CMOS. The 
most critical step of the production sequence is, in that case, the 1100°C thermal anneal used 
for changing the starting a-Si into poly-Si. Additionally, broadband all-optical index 
modulation has recently been reported in as-deposited a-Si:H by Narayanan et al. [19]. 

In this paper we have shown the first experimental results of an effective refractive index 
variation obtained through an electrically induced carrier depletion in an as-deposited a-Si:H-
based p-i-n waveguiding device. 

2. Device structure and fabrication 

2.1 Design 

The device was optically modelled using Beamprop, the device simulation package from 
RSoft [20]. Beamprop incorporated computational techniques based on the beam propagation 
method (BPM) and utilised an implicit finite-difference scheme. Most of the material optical 
parameters used for simulations were determined by the analysis of experimental 
transmittance and reflectance spectra, in the wavelength range 0.5 to 2 μm, of test films 
deposited on Corning glass. The reflectance-transmittance analysis tool OPTICAL [21] was 
used for this analysis, which also allowed for the determining of the layer thicknesses. 
Photothermal deflection spectroscopy (PDS) [22] was used to determine the absorption 
coefficient at λ = 1.55 μm. Conductivity measurements were also performed using a computer 
controlled parametric characterization system based on an automatic probing station. 

Figure 1 illustrates the device considered in this study. It consists of an optical phase 
modulator integrated within a p-i-n rib waveguide made of a 2-μm-thick a-Si:H undoped core 
region between a p-doped a-SiC:H bottom cladding (2-μm-thick) and an n-doped a-SiC:H top 
cladding (100-nm-thick). A 200-nm-thick transparent conductive oxide (TCO) made of 
sputtered Al-doped ZnO (ZnO/Al) is present on the waveguide top. The device geometry has 
been optimised in order to achieve birefringence free propagation [23] and acceptable 
coupling losses with a standard single-mode fiber with cleaved termination. For this reason, 
the width of the rib (W) and the height of the waveguide (H) are very large (10 μm and 4.1 μm 
respectively), and therefore, in order to ensure single mode operation [24], the height of the 
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rib is only 400 nm. This choice was made by practical reasons, as it allows relatively low 
optical losses and easy optical coupling. 

The p-type Si substrate serves both as the mechanical support and as the electrical contact 
for the p-type a-SiC:H layer. 

 

Fig. 1. Schematic cross section of the p-i-n rib-waveguide (a) and material refractive index 
profile at x = 0 (b). The cross section (a) illustrates the birefringence-free waveguide designed 
for testing the electro-optical modulation in the a-SiC:H/a-Si:H/a-SiC:H p-i-n structure. From 
top to bottom we find in sequence a 200 nm-thick ZnO/Al layer, a 100-nm thick a-SiC:H  
(n-doped) upper cladding, a 2000 nm-thick a-Si:H (undoped) core, and a 2000 nm-thick a-
SiC:H (p-doped) bottom cladding. The substrate is a heavily p-doped silicon wafer (300 µm). 
The refractive index depth profile (b) is based on data measured on separate material samples 
deposited on Corning glass. 

Figure 2 shows the simulated fundamental TE0 and TM0 modes of the structure, including 
the TCO layer (αZnO/Al = 3.5 dB/cm), respectively characterised by propagation losses of  
3.7 dB/cm and 4.5 dB/cm at λ = 1.55μm. These attenuations were confirmed by the 
experimental results. 

 

Fig. 2. TE (a) and TM (b) simulated fundamental optical mode-field profiles. Parametric beam 
propagation method (BPM) simulations allowed to design the single-mode, birefringence-free, 
device shown. The calculated effective refractive indexes neff for the fundamental TE (a) and 
TM (b) modes are in fact coincident, and at the same time the higher order modes are all 
vanishing modes. 

It is worth noting, in the same figures, the identical values of the real refractive index for 
the two polarization conditions. Beam propagation method (BPM) numerical calculations of 
the first-order higher modes TE01 and TM01 show that there is negligible optical field in the 
waveguide core for these modes and the highest values of the field are localised in the slabs, 
far from the rib. Thus the TE01 and TM01 are vanishing modes, while the fundamental TE and 
TM modes are the only ones confined. 
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It should be noted that the weak horizontal confinement of this particular device would not 
allow the fabrication of bended structures. According to simulations, a bend radius of 1.5 cm 
would already induce radiation losses of the order of 30 dB/cm. A re-design of the waveguide 
would therefore be necessary for a better confinement of the propagating radiation. 

2.2 Fabrication 

After a surface cleaning treatment, using H2SO4 + H2O2 and HF solutions, the p-doped c-Si 
substrate (ρ = 0.001 Ω∙cm) was loaded into the four-chamber PECVD system. First, the a-
SiC:H cladding layer was deposited from the plasma-assisted decomposition of SiH4, CH4, 
B2H6 and H2 at an RF power PRF = 4 W, a frequency of f = 13.56 MHz, and a substrate 
temperature of T = 120°C. After moving the sample into another deposition chamber, the 
undoped a-Si:H layer was deposited, at the same temperature, in SiH4 and H2 atmosphere at a 
VHF (f = 100 MHz) power of PVHF = 50 W. It should be noted that the density of states within 
the energy gap normally induce a n-type behaviour in undoped a-Si:H films [25]. The 
deposition of the n-type a-SiC:H layer from a gaseous mixture of SiH4, CH4 and PH3 took 
place in a third chamber. The deposition times were adjusted to obtain the desired film 
thicknesses. 

The 200-nm-thick TCO layer was deposited by magnetron co-sputtering of ZnO and Al 
targets, at 25°C substrate temperature. This material shows a good trade-off between optical 

(n = 1.87, k = 10
5

 at λ = 1550 nm) and electrical (σ = 6.4·10
3

 S/cm) properties with respect, 
for example, to Indium Tin Oxide (ITO) or doped polysilicon, which are characterised by a 
much higher infrared optical absorption [26]. Some samples were covered by a thin metal 
layer (100 nm of Ag) for the formation of an ohmic contact. The rib definition involved 
photolithography and reactive ion etching (RIE). A scanning electron microphotograph is 
reported in Fig. 3, with a cross section of the rib also shown in the inset. 

 

Fig. 3. Scanning electron microphotograph of the realized rib waveguide. From top to bottom 
we find in sequence a 200 nm-thick ZnO/Al layer, a 100-nm thick a-SiC:H (n-doped) upper 
cladding, a 2000 nm-thick a-Si:H (undoped) core, and a 2000 nm-thick a-SiC:H (p-doped) 
bottom cladding. The rib cross section is shown in the inset. 

The fundamental process parameters are listed in Table 1 together with the measured 
material characteristics at λ = l.55 μm. It is worth noting that the maximum temperature 
during the process is as low as 170°C, which certainly makes it fully compatible with every 
CMOS process previously performed on the same substrate. 

#138684 - $15.00 USD Received 29 Nov 2010; revised 31 Dec 2010; accepted 7 Jan 2011; published 1 Feb 2011
(C) 2011 OSA 14 February 2011 / Vol. 19,  No. 4 / OPTICS EXPRESS  2945



Table 1. PECVD process parameters and main optical and electrical parameters. RF 
frequency and power during deposition, substrate temperature, deposition rate and final 
layer thickness. Process gas flows are measured in standard cubic centimetres per minute 

(sccm). Refractive index, n, and extinction coefficient, κ, are measured at 1550 nm. 
(*0.5% diluted in H2) 

Material 
f 

[MHz] 
Power 
[W] 

Pressure 
[hPa] 

T 
[°C] 

Deposition 
Rate 
[Å/s] 

Layer 
Thickness 

[m] 

Process Gas 
[sccm] 

n k 
 

[S/cm] 

 
a-SiC:H (p) 

 

13.56 4 0.8 120 2.74 2 

SiH4 CH4 B2H6
* H2 

2.990.02 5.3·10-3 2.3·10-6 
6 6 10 20 

a-Si:H (i) 100 50 0.3 120 23.5 2 
SiH4 H2 

3.200.02 2.4·10-6 10-10 
20 20 

a-SiC:H (n) 13.56 4 0.9 170 2.85 0.1 
SiH4 CH4 PH3 

2.890.02 2.8·10-3 1.9·10-8 
25 35 3 

3. Experimental results and discussion 

The forward and reverse J-V characteristics of the p-i-n device are shown in Figs. 4a and 4b. 
It clearly shows a rectifying behaviour, but the very high ideality factor in the forward bias  
(n >10) suggests that the current is largely controlled by recombination at low currents, and 
subsequently by a high series resistance. We could in fact apply forward biases as high as  
45 V, measuring a current density of 1.8 A/cm

2
. At this regime the current density is certainly 

limited by the specific series resistance, which we estimated to be 15 Ω∙cm
2
. In reverse bias 

the current density is lower than 10 nA/cm
2
 up to 50 V. Afterwards, a soft breakdown effect 

is present, determining the reverse current density to rise to 55 nA/cm
2
 at 80 V. In all 

samples a destructive reverse breakdown occurs between 90 and 110 V. The small signal 
specific capacitance device at zero bias is 1.75 nF/cm

2
, measured at 1 MHz, a frequency at 

which most of the carriers trapped in gap states of a-Si:H are frozen. 
The present device is quite different from the one we previously used in [15,16], where 

multiple insulator-semiconductor couples where exploited for inducing several thin 
accumulation layers well distributed across the active waveguide section, which has however 
shown long response times. 

The application of a forward bias might also be in principle a valid mean for inducing a 
carrier concentration variation throughout the undoped region [16]. The long drift region of 
the present structure, coinciding with the neutral portion of the a-Si:H layer, prevents however 
the reaching of a suitable injection level throughout it. 

In our experiments, a 30 mW tunable laser-diode, with a central wavelength λ of 1.55 μm, 
was the source of the probe radiation. The light beam was coupled into the p-i-n device via a 
standard single mode fibre. The transmitted light was collected at the chip output by a single-
mode fibre and detected by an amplified InGaAs photodiode. Great care was taken to prevent 
stray light passing above the sample. 
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Fig. 4. Forward (a) and reverse (b) bias J-V characteristics of the p-i-n device. The ideality 
factor n of the diode in forward bias is higher than 10, showing that the current is dominated by 

carrier recombination, at least up to 2 × 103 A/cm2 current density. At higher current regimes 
the characteristic bends as an effect of the high series resistance due to the neutral region of the 
undoped layer and to the relatively low doped anode and cathode regions. 

Separate samples were obtained by cleavage with lengths in the range from 750 to  
1500 μm. Those showing good optical quality of the facets demonstrated the clear behaviour 
of Fabry-Perot (FP) cavities. For a 750 μm long cavity (Fig. 5) we measured a free spectral 
range (FSR) of 0.493 ± 0.003 nm, allowing the calculation of group index ng of 3.34 ± 0.02, a 
value also confirmed in other samples. For the same sample, the observed extinction ratio 
(ER) Imax/Imin was 1.65 ± 0.04, with Imax and Imin the maximum and minimum transmitted 
signals respectively. From this value, the waveguide losses were calculated using Eq. (1), 

 
max min

max min

/ 11 1
ln

/ 1

I I

L R I I


 
   

  

  (1) 

deriving from Airy’s well-known formula, where L is the cavity length and R = (na-Si-no)
2
/(na-Si 

+ no)
2
 is the facet reflectance, with no the refractive index of air and na-Si taken from Table 1. 

In particular we obtained α = 10.5 ± 0.3 cm
1

, a rather high loss coefficient that is justified by 
the presence of the metal film on the waveguide top. The overall losses of the device are 
above 20 dB, with the main contribution due to coupling and absorption losses. It is worth 
noting, in connection, that measurements performed on waveguides without metal contact 
provided losses of 5 ± 1 dB/cm, in agreement with simulations. In an improved design the 
metal contact should therefore be placed not above, but aside of the waveguide. 

The phase modulation measurements relied on the shift of the Fabry-Perot fringes when a 
reverse bias is applied to the p-i-n diode by means of a shielded micro-probe. In Fig. 5 we 
report the transmission spectra of the 750 µm cavity at zero bias and at 70 V. The observed 
red-shift of the fringes is consistent with the assumption that the carrier depletion induced in 
the waveguide core determines an increase of the effective refractive index neff. 

In the same figure (see inset), the peak wavelength variation Δλmax is 0.018 nm, from 
which the induced Δneff of the guided mode was estimated as follows: 

 )()( 



 geff nn


   (2) 
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Fig. 5. Experimental transmission spectra of a 750 μm-long unbiased and reverse biased (70 V) 

p-i-n device. The calculated index variation is 4.05 × 105. 

where ng is the group index determined according to Eq. (3): 

 
FSRL

ng



2

2


  (3) 

where FSR is the experimental wavelength distance between two successive resonance peaks, 
and L is the device length. The results obtained on several 750 and 1000-μm-long samples at 
five distinct biases are summarized in Fig. 6. 

A comparison can be made between these results and those obtained in Ref [19]. by 

photogeneration. With a photoinduced excess free carrier concentration of ~2 × 10
18

 cm
3

 [19] 

 

Fig. 6. Experimental effective index variation versus p-i-n reverse bias voltage ranging from 0 
to 90V. 
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and the effective masses given therein, the Δneff estimated by the Drude model [15] is in that 

case ~8 × 10
4

. The weaker effect on the refractive index in our device is justified by the 
intrinsic differences between the two approaches, as in our case the maximum free carrier 
variation has a fundamental limit in the equilibrium free carrier concentration, governed in 
turn by the deposition parameters. 

The device dynamic behaviour was experimentally investigated by applying short pulses 
by means of shielded high-frequency electrical micro-probes. Figure 7 shows an optical 
modulation pattern obtained for Vpeak = 90 V pulses at a repetition rate of 100 kHz applied 
across a 1.53-mm-long device. 

By comparison with the optical spectrum of the cavity, we calculated that the observed 

electro-optical modulation corresponds to a Δ = 0.2π, from which the induced Δneff = 

Δ·λ(2πL)1
 is 1.1 × 10

4
, in conformity with the static result of Fig. 6 at the same bias. 

The measured rise and fall times are 14 ns, which would allow a higher modulation rate 
than 30 MHz. This result is by far the best obtained in our studies on a-Si:H active devices, 
and to our knowledge the highest ever reported for electrically driven a-Si:H-based guided 
wave active devices. 

While no appreciable static power is dissipated during pulse application due to the very 
low current density through the reverse biased junction (Fig. 4), the dynamic power 
dissipation PD can be calculated as CJ × V

2
 × f. If we assume, from the capacitance 

measurements described above, that the 1.53 × 10
4
 µm

2
 footprint device has CJ =  

2.7 × 10
13

 F, we obtain PD = 220 μW. The effect of this power dissipation is a thermal drift, 
in turn inducing a thermo-optical modulation, which however has a limited impact on the 
measurements performed at frequencies above a few tens of kHz. This impact can be 
estimated by calculating the thermal time constant τT of the device. Assuming that the device 

has a thermal capacity given by CT = cpSi × ρSi × Vol = 1.02 × 10
7

 J∙K
1

, where cpSi is the 

specific heat for silicon (0.713 J∙g
1

∙K
1

), ρSi is the density (2.29 g cm
3

) [13], and Vol is the 

device volume (0.153 × 10
3

 × 4.1∙10
4

 cm
3
), and that this thermal capacitor is charged-

discharged through a thermal resistance RT that we can associate to the thermal path between 

the center of mass of the i-layer and the substrate, namely RT = ka-Si
1

 × L × A
1

 = 72.6 K∙W
1

, 

with ka-Si = 0.027 W∙cm
1

∙K
1

 the thermal conductivity of a-Si:H and a-SiC:H [13], L = 3 µm 
the distance between the center of the i-layer and the substrate, and A the device footprint, the 
time constant of thermal effects is τT = CT × RT = 7.4 µs. 

 

Fig. 7. Amplitude of the optical signal transmitted by a 1.53 mm Fabry-Perot modulator. The 
vertical p-i-n diode is reverse biased by 90 V amplitude pulses at a repetition rate of 100 kHz. 
The measured rise and fall times are 14 ns. Ringings are due to the non ideal impedance 
matching between the pulse generator and the microprobes. A slow thermo-optical modulation 
component can be noticed in the signal between two pulses. The oscilloscope timescale is  
2 μs/div. 
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This approximate value, which is notably in agreement with previous experimental 
outcomes [7] on similar devices, demonstrates that the observed 10-ns-scale rise and fall times 
of Fig. 7 are not compatible with a thermo-optic modulation. In the same figure we note 
however the presence of a slow drift of the signal between two pulses that can be put in 
relation to a thermal drift. 

The turn-on/turn-off transients are indeed limited by the high series resistance of the 
device estimated above (15 Ω∙cm

2
). From this, in fact, a characteristic time constant derives at 

Rs × CJ ~27 ns. 
To evaluate the phase modulation efficiency, a figure of merit is usually adopted, defined 

as the product VπLπ, where Vπ and Lπ are respectively the bias voltage and the waveguide 
length required to obtain a π phase shift of the guided wave. With the measured Δneff at 90 V, 

we get VπLπ = 63 V·cm. This rather poor figure of merit, at least one order of magnitude 
higher than that demonstrated on crystalline silicon [27,28], is certainly penalized by the 
waveguide core, i.e. the i-layer, thickness (ta-Si = 2 µm). The impact of the i-layer thickness on 
Vπ can in fact be roughly estimated by recalling that in this p-i-n structure the full-depletion 
bias VFD can be calculated from: 

 
Sia

i

FDSi t
Nq

V
W 












2
1

max

2   (4) 

with Wmax the maximum allowed depletion width, Ni the i-layer doping and εSi = ε0·εr the 
permittivity of silicon with εr = 11.8. This relationship, graphically shown in Fig. 8 in the 

doping range from 10
11

 to 10
14

 cm
3

, indicates that, for a given doping, the full depletion is 
obtained for voltages that scale with a square low with the thickness. 

 

Fig. 8. Calculated full depletion bias (VFD) of a p-i-n waveguide as a function the i-layer 
doping. The three curves refer to different i-layer thicknesses. 

If we now assume that, according to the Drude model [15], by driving the waveguide in 
full depletion, its effective refractive index variation, Δneff, is proportional to the starting free 
carrier concentration Ni, we find that for a given Δneff the necessary full-depletion bias VFD is 
scaled with t

2
a-Si. 

Additional considerations can be made in the prospect of a practical optimized device. For 
example, although the time constant Rs × CJ is to a first order not dependent on the device 
footprint, because the electrode area has opposite effects on Rs and CJ, series resistances lower 

than 1 Ωcm
2
 are generally achieved in a-Si:H based solar cells [29,30]. We can therefore 
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expect time constants lower than 2 ns to be possible in devices with the same geometry and 
better I-V characteristics. We add that a reduction of the junction capacitance can be obtained, 
for a given contact footprint, with fully-etched channel waveguides, where the lateral effect of 
the electric field, i.e. the effective device volume, is certainly lower. 

The dynamic power is a major concern at high frequency modulation regimes. Assuming 

CJ = εSi × A × (ta-Si)
1

, with A the device area, from Eq. (4) we obtain that the energy-per-bit 
Epb can be estimated from: 

 
 

Sia

Si

i
pb t

NqA
E 

4

2

  (5) 

which, for a 1-μm-wide, 1-mm-long, 500-nm-thick, channel waveguide, allows to calculate an 

energy dissipation of ~3 pJ/bit for Ni = 10
12

 cm
3

. 

7. Conclusion 

We have shown that effective electro-optical modulation at λ = 1.55 μm can be produced by 
reverse biasing a p-i-n waveguiding structure based on the CMOS-compatible technology of 
a-Si:H. 

The device was fabricated on a silicon substrate by PECVD at a maximum process 
temperature of 170 °C. The phase modulation was studied in Fabry-Perot resonators, in which 

the voltage-length product for inducing a phase variation Δ = π in a travelling wave was 

determined to be Vπ∙Lπ = 63 Vcm. The corresponding refractive index variation due to 
electric-field induced free carrier depletion effect in the p-i-n waveguiding device was 

calculated to be 1.1 × 10
4

. 
Characteristic switch-on and switch-off times of 14 ns were measured allowing a higher 

modulation rate than 30 MHz, the highest value ever reported for waveguide-integrated 
electrically driven a-Si:H-based optical devices. 

Beside photonics on CMOS, the limited temperature involved in its fabrication could pave 
the way to the deployment of active photonics in applications where the process temperature 
is an important issue, like on plastics and glasses. 
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