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Recent research efforts on study of silicon photonics utilizing stimulated Raman scattering have 
largely overlooked temperature effects. In this paper, we incorporated the temperature dependences 
into the key parameters governing wave propagation in silicon waveguides with Raman gain and 
investigated how the temperature affects the solution of the coupled-mode equations. We then carried 
out, as one particular application example, a numerical analysis of the performance of wavelength 
converters based on stimulated Raman scattering at temperatures ranging from 298 K to 500 K. 
The analysis predicted, among other things, that the wavelength conversion efficiency could decrease 
by as much as 12 dB at 500 K in comparison to that at the room temperature. These results 
indicate that it is necessary to take a careful account of temperature effects in designing, fabricating, 
and operating Raman silicon photonic devices.
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I. INTRODUCTION

One of the main motivations in the recent drive behind 
the so-called silicon photonics is the potential of realizing 
cost-effective photonic components by using silicon, in-
stead of compound semiconductors [1-3], as the platform. 
However, in order to benefit from the cost-reduction 
associated with silicon due to its simpler and more mature 
fabrication technologies as well as its integrability with 
other silicon-based electronic components, the problem 
of indirect-bandgap inherent in silicon must first be over-
come. Optical gain due to stimulated Raman scattering 
(SRS) offers a possible solution in this regard as the 
Raman gain in silicon is several orders of magnitude greater 
than that of silica [4]. Currently, three areas are mainly 
being explored for potential applications of SRS-based 
silicon photonics: Raman amplifier [4], Raman lasers [4,5] 
and Raman parametric wavelength converters [4],[6].

Despite the recent interests, most research efforts on 
silicon photonics based on the SRS mechanism up to 

this point have largely overlooked temperature effects 
on the device performance due to the complexity of the 
analysis involved. Analyses and measurements performed 
in the past on the topic have been confined mainly to 
characterization of bulk silicon and not photonic devices 
[7-11]. Some work have also been done pertaining to 
optical fiber [12,13], but applicability of those results 
to silicon is severely limited because of the large discrep-
ancies between the Raman characteristics of silicon and 
silica. The issue of temperature effects on Raman-based 
optical components is significant in two regards. One, 
the Raman scattering process is inherently sensitive to 
temperature variations, given the fact that the process 
involves a nonlinear phonon-photon interaction [7,8] 
and the characteristics of phonons, which are quantized 
lattice vibrations, are highly-dependent on the tempera-
ture. Two, the temperature in devices utilizing Raman 
effects is expected to be quite high as high-intensity 
optical beams are usually required in such nonlinear 
applications. Clearly, the temperature effects must be 
carefully taken into account when designing and operating 
Raman-based devices.
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FIG. 1. Silicon rib waveguide assumed in the analysis: 
(a) Structure and orientation of the silicon rib waveguide 
(W = H = 1 μm, h = 0.6 μm), (b) Fundamental mode 
profile of the waveguide at λ = 1434 nm.

In this paper, we have incorporated the temperature 
dependence of key Raman parameters of bulk silicon, 
such as the Stokes and anti-Stokes frequency shift and 
the width of the resonant frequency response, into the 
parameters of the coupled-mode equations governing 
the wave propagation of the pump, Stokes and anti- 
Stokes components in a silicon waveguide structure with 
Raman gain. The coupled-mode equations were then 
solved numerically to yield the temperature dependence of 
a prototypical Raman parametric wavelength converter’s 
efficiency, a result which we believe is being reported 
in the literature for the first time.

This paper is organized as follows. In Section II, we 
first present a brief background on stimulated Raman 
processes in silicon and on silicon rib waveguide, the 
guiding structure assumed in the paper. Next, an account 
of temperature-dependence models for the key Raman 
process parameters is given. Then, the coupled-mode 
equations that govern the propagation of the pump, 
Stokes and anti-Stokes beams in the waveguide with 
Raman gain are presented, wherein the temperature 
dependence of the Raman process is incorporated via 
the equations’ coupling coefficients whose values depend 
directly on the aforementioned Raman parameters. In 
Section III, we demonstrate a specific application of our 
model by numerically solving the appropriate coupled- 
mode equations and obtaining the conversion efficiency 
of a Raman wavelength converter for several different 
temperatures under various length and phase-matching 
conditions. The calculation results, among others, predict 
that the conversion efficiency can be degraded by as 
much as 12 dB due to a temperature increase of 200 K, 
which suggests that temperature effects could pose a 
serious problem that must be dealt with in Raman-based 
silicon devices. The paper concludes with a brief sum-
mary and a closing remark in Section IV.

II. BASIC CONCEPTS AND THEORY

A. Stimulated Raman scattering (SRS) and silicon 
rib waveguide

Raman scattering is an inelastic nonlinear optical 
phenomenon wherein a photon and an optical phonon 
interact to generate a new photon at a shifted frequency 
commensurate with momentum and energy conversation 
laws; the up- and down-shifted frequency components 
are called the anti-Stokes and Stokes components, respec-
tively [14,15]. If the pump beam is of sufficient intensity, 
a fairly efficient energy transfer among the pump, Stokes 
and anti-Stokes components can take place in silicon, 
providing the basis for SRS-assisted silicon photonic 
devices.

The physical origin of the optical phonon taking part 
in Raman scattering is lattice vibration, and thus the 
optical phonon’s characteristics depend on the particular 

propagation direction along the crystal structure. In this 
paper, we shall assume that the silicon waveguide struc-
ture, the basic building block for various types of Raman 
photonic devices, is of the rib waveguide type directed 
along the direction (see Fig. 1(a)), a choice which is 
desirable in two respects. One, this orientation is opted 
for in most commercial CMOS silicon fabrication, which 
would render the existing facilities readily available for 
low-cost production of Raman photonic devices. Two, 
the nominal Raman shift in this direction is approximately 
±15.6 THz [9],[16] at room temperature, making it suit-
able for wavelength conversion between the two commonly- 
used optical communication frequency bands, namely 
C- and O-bands. 

Fig. 1(a) is a schematic of the silicon rib waveguide 
to be analyzed in this paper, wherein the waveguide 
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FIG. 2. Temperature dependence of the lowest-order 
resonance frequency of the optical phonon.

FIG. 3. Temperature dependence of the FWHM associ-
ated with the optical phonon spectrum.

direction and the TE/TM modes’ orientations are indi-
cated. The structure was chosen to be similar to that 
of [6],[17] for the purpose of being able to cross-check the 
validity of our results. Fig. 1(b) is the fundamental 
mode’s transverse profile for the structure. The latter 
was generated from application of a finite difference 
method based on a scalar wave assumption for λ = 
1434 nm, with the material index value obtained from 
the Sellmeier equation for silicon [12]. The calculated 
effective core area and effective refractive index values 
are Aeff = 1.1349 μm

2
 and neff = 3.4138 respectively, 

These values are later used in the coupled-mode calcula-
tions in Section III.

B. Temperature dependence of stimulated Raman 
scattering

In order to investigate the effects of temperature 
change on photonic devices based on the Raman process, 
we first need to examine the temperature dependence 
of the optical phonon itself and also Raman parameters 
such as the Raman gain and susceptibility in silicon 
[7,8],[10],[15].

The harmonic approximation for the potential function 
of the optical phonon, as given by the form V = ax

2
, 

with x being the displacement of the atomic particles 
from their equilibrium position, is valid only for those 
cases where x is much less than the interatomic spacing, 
i.e., the lattice constant. However, when the magnitude 
of the displacement increases with temperature, as 
would happen in the case of Raman devices employing 
a high-intensity pump beam, higher-order terms of the 
potential function (the Morse-potential function is a 
commonly-used model [7]) need to be retained as well 
for a more accurate account of the temperature effects. 
Many of the recent theoretical results on Raman effects 
in silicon are based on the assumption of such a classical 
anharmonic oscillator model [7],[15]. Indeed these higher- 
order terms lead to a change in the nominal optical 
phonon frequency (Raman shift) as well as broadening 
of the phonon’s spectral distribution [7],[10],[15] as 
explained below.

From a phenomenological standpoint, a rise in temper-
ature results in an increase in the interatomic distance 
and a decrease in the phonon lifetime [7],[10]. The former 
leads to a decrease in the optical phonon frequency - and 
a corresponding increase in the frequency of the Stokes 
component - while the latter, when interpreted as an 
increase in the damping coefficient in the context of a 
classical oscillator model, leads to broadening of the 
optical phonon spectrum, which also represents the 
resonance curve associated with the photon-phonon inter-
action in stimulated Raman scattering [7],[10]. Below 
we provide a short quantitative account of these effects.

The approximate temperature dependence of the lowest- 
order optical phonon’s (resonance) frequency ν and the 
full-width-half-maximum (FWHM) 2Г of the optical phonon 

spectrum in silicon is given by the following expressions 
according to [10],[18]:

ν(T) = ν0 + Δν(T) (1)

where
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with A = -3.996 × c, B = -0.235 × c, C = 1.683 × c, 
D = 0.1326 × c,  = 528 × c and u = exp[hν0/T].

In the above, the units of ν(T), ν0, Δν(T) and 2Γ(T), 
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FIG. 4. Temperature dependence of the Raman gain 
coefficient at λS = 1550 nm.

as well as those of A, B, C and D, are all Hz and c 
takes on the numerical value of 3× 1010

. The symbols 
h, kB and T represent the Planck’s constant and 
Boltzmann’s constant in SI units (with the lengths in 
cm) - as are all quantities in subsequent discussions - and 
the absolute temperature in Kelvin (K), respectively.

Figs. 2 and 3 depict the temperature dependence of ν and 2Г based on the above expressions and illustrate 
that the FWHM is much more sensitive to the tempera-
ture increase than the resonance frequency ν. Whereas 
the resonance frequency decreases only by about 0.165 
THz, roughly 1% of the original value (corresponding 
to a change in the Stokes wavelength by about 1.4 nm 
for the case of the original Stokes wavelength equal to 
1550 nm) when the temperature is increased from 298 
K to 500 K, the FWHM is seen to increase by approxi-
mately 80 GHz over the same temperature span, a dra-
matic increase of over 70%. Such a large broadening 
of the optical phonon spectrum leads to a significant 
reduction in the Raman gain and Raman susceptibility 
as well as in the coupling coefficients of the coupled-mode 
equations, and ultimately a degradation of the efficiency 
of the Raman devices, as we shall see in the following 
discussions.

Raman susceptibility is an important parameter that 
characterizes the extent of interaction between an optical 
wave and the given Raman medium and plays a key 
role in the coupled-mode analysis as it directly determines 
the coupling coefficients. From a quantum mechanical 
analysis, the Raman susceptibility tensor for a signal 
(Stokes) beam of frequency  in the presence of a 

pump beam of frequency can be expressed (in the unit 
of cm

2
/V

2
) in the following form [4],[19,20]:


  Г 




 Г


(4)

In the above equation, n is the medium’s refractive 
index – taken to be 3.4 -, c is the speed of light in vacuum, 
3×10

10 
cm/s,  is the free-space intrinsic impedance, 

respectively, and  is the on-resonance, i.e., the peak, 

Raman gain (see below for a discussion on this). (Rij)k 
and (Rmn)k refer to the ij-th and mn-th components 
(i, j, m, n = 1, 2, 3) of the k-th Raman tensor (k = 
1, 2, 3), respectively, for the selected silicon waveguide 
direction ([0 1 1] in our case) and the choice of the axes 
[14],[16]. The Raman tensors are thus independent of 
the temperature. It must be remembered that the 
values of 2Г and ν to be used in the expression above 
are those corresponding to the actual temperature of 
the Raman medium. The expression clearly shows the 
effect of frequency detuning, namely the discrepancy 
between the optical phonon’s resonance frequency  at 
the prevailing temperature and  - , the difference 

between the actual frequencies of the pump and the 

Stokes components which are injected into the medium.
The overall temperature dependence of the Raman 

susceptibility given by (4) is affected - in addition to 
being influenced directly through ν and 2Г as alluded 
to earlier - by that of the Raman gain coefficient gR, 
a parameter characterizing the peak intensity gain, i.e., 
the gain at resonance or zero-detuning, experienced by 
the Stokes component (ignoring other effects such as 
the presence of the weak anti-Stokes component and 
intrinsic losses) in the following manner [9],[19-21]:

 

 Γ


 (5)

where N is the Bose-Einstein occupation number 
(N = [exp(hν/kBT)-1]-1), and S is the spontaneous Raman 
scattering efficiency. It has been reported that the 
Raman gain coefficient in silicon at λS = 1550 nm 
(with pump at λP = 1434 nm) has been estimated to 
be ~ 20 cm/GW at room temperature (298 K) from 
Raman gain measurements [21]. As a side remark, we 
note that the Raman gain coefficient in silicon is much 
larger than that of silica (0.93 × 10-2 cm/GW ) at 1550 
nm [4], primarily because of the difference in the value 
of FWHM (2Г) for the two respective materials, ~ 110 
GHz for silicon and ~ 6 THz for silica [12] at room 
temperature. As a result, the one-way Raman gain for 
a device length of 1 cm and pump intensity of 0.1 
GW/cm2 – assuming 1 W pump beam power and 1 μm2 

effective core area for the sake of argument – would 
amount to e2, a figure that would warrant serious 
considerations for building practical Raman amplifiers, 
lasers, and wavelength converters.

Fig. 4 illustrates the calculated overall temperature 
dependence of the Raman gain coefficient at λS = 1550 
nm based on (5), taking into account the temperature 
dependences of all the parameters involved, including 
the refractive index n [22]. All of these parameters 
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(a)

(b)

FIG. 5. Frequency detuning characteristics of the 
Raman susceptibility for various temperatures: (a) Real 
part, (b) Imaginary part.

change only slightly with temperature for the given 
range – calculated to be on the order of 10-2 order or less 
as the temperature is raised from 298 K to 500 K - 
except for the FWHM, which, as alluded to earlier, 
increases by more than 70% over the same range. 
Thus, it is the change in the FWHM that dominates 
the temperature effect in the overall Raman gain 
coefficient and this observation is borne out by the fact 
that the Raman gain in Fig. 4 undergoes a decrease 
from 20 cm/GW at 298 K, a figure in very good 
agreement with the experimentally measured value [21], 
to a value less than 12 cm/GW, a reduction of ~ 44%. 
We shall now examine the temperature dependence of 
the Raman susceptibility based on (4) and the Raman 
gain result just obtained. Figs. 5(a) and (b) depict how, 

for those cases where 
  is nonzero (for example, 

ijmn = 1221, 1212, etc. for the [0 1 1] orientation of 

our waveguide [14],[16], for which the summation over 
the product of Raman tensor components in (4) reduces 

to unity), the real and imaginary parts of 
  - denoted 

simply by 
 in the figures to symbolize the resonant 

(Raman) third-order nonlinearity - are affected by 
frequency detuning at five different temperatures with 
the pump wavelength fixed at λP ( νP = 209.205 THz) 
and the input signal (Stokes) wavelength varied.

For each temperature, the plots of the real and imag-
inary parts exhibit the typical characteristics of a 
resonant gain medium, with the normal and anomalous 
dispersion regions in Fig. 5(a) being reversed compared 
to those of a lossy medium, and the gain curve being 
confined to a narrow spectral range in Fig. 5(b). These 
results are quite similar to the experimental results 
reported in Fig. 7 of [11]. When comparisons are made 
among the results for different temperatures, several 
trends immediately stand out. One, the resonance 
curves shift to the right with increasing temperature 
– by tens of GHz in each successive case – which is due 
to the detuning behavior shown in (4). With the pump 
frequency  fixed, a decrease in the optical phonon 

frequency  due to a temperature increase must be offset 
by a corresponding increase in the Stokes frequency  

in order to maintain the on-resonance condition, i.e., ν = νP - νS. Two, such a shift is accompanied by a 
substantial broadening of the resonance curves, which 
can be attributed to a significant increase of the 
FWHM 2Γ, a point previously made in reference to the 
denominator of the Lorentzian model in (4). Finally, 
the peak, i.e., the on-resonance, value of the imaginary 
part is proportionately reduced, implying a lower gain 
across the entire frequency range. This is a direct 
consequence of the reduced Raman gain in (5) due to 
an increase in the FWHM.

Let us now consider the potential ramifications of 
the results we have just seen. Suppose a pump beam 
and a signal beam (Stokes component) are injected into 
a Raman medium with the two beams’ frequencies 
offset by ν, which corresponds to the optical phonon 
frequency at some assumed temperature, say the room 
temperature. If the actual temperature in the Raman 
medium is much higher than the assumed temperature, 
a likely situation in the absence of any cooling or due 
to a temperature gradient in the medium even with 
cooling, the actual gain experienced by the signal beam 
will be quite reduced. To see this point, observe in 
Figs. 5(a) and (b) that as a result of a temperature 
increase, we would be operating at off-resonance (e.g., 
operating points A2-B2, A3-B3, A4-B4 or A5-B5) instead 
of at the on-resonance (A1-B1) condition. As will be shown 
in Section IIC, such changes translate into less efficient 
coupling between the pump and the Stokes beam, which 
in turn can cause a noticeable performance degradation 
for the Raman device being considered.
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(6a)

(6b)

(6c)

C. Coupled-mode equations
In order to analyze the performance characteristics 

of a silicon Raman device, it is necessary to accurately 
account for the interaction among the pump, Stokes 
and anti-Stokes components as they propagate through 
the Raman medium. Coupled-mode approach provides 
a simple and yet adequate means of handling such an 
analysis [19,20],[23]. Moreover, the approach is general 
enough in its context so that a variety of application 
scenarios can be addressed with the same framework, 
including silicon Raman amplifiers, lasers or parametric 
wavelength converters [23].

In the following discussions, we shall assume that the 
pump, Stokes and anti-Stokes beams are all co-propagating, 
with suitable polarizations chosen for coupling (see [6] 
for example for a discussion on this). The mode profiles 
of the three beams are nearly identical because the 
three beams’ wavelengths, with relatively small wave-
length differences among them (pump: 1434 nm, 
Stokes: 1550 nm, anti-Stokes: 1336 nm) are far removed 
from the fundamental mode’s cutoff wavelength (~ 7 μm 
due to the large index contrast between the silicon 
waveguide and the silica substrate). As such, we shall 
discard the transverse dependence of the fields and 
employ, without loss of any generality, a scalar 
treatment. By applying the slowly-varying amplitude 
approximation (|d

2
E/dz2|≪k ․ |dE/dz|) to the wave 

equation, where E is the complex amplitude of the dom-
inant field component of the corresponding beam, and 
assuming |EP|≫|ES|,|EA| the following set of coupled- 
mode equations can be obtained [6],[13],[19,20]:

where EP, ES and EA are the non-normalized complex 
field amplitude for the pump, Stokes and anti-Stokes 
beams in units of V/cm, respectively. In each of the 
equations above, the first term represents the combined 
effects of linear propagation loss and free-carrier-absorption 
(FCA) loss whereas the second and third terms of the 
last two equations involving κ account for the third-order 
nonlinear interaction among the three beams. Expressions 
for the coupling coefficients are given by

(7)

The parameters appearing in Eqs. (6) and (7) are 
defined as follows.  and  are the linear propagation 

and FCA loss coefficients, respectively,  is the two- 

photon-absorption (TPA) coefficient accounting for the 
nonlinear loss due to the TPA process, and Δk (Δk = 
2kP - kS - kA) represents the phase-mismatch involving 
the propagation constants of the three beams. G and 
R appearing in the coupling coefficient expressions are 
related to the Raman susceptibility and the third-order 
susceptibility accounting for non-resonant electron-photon 
interactions, respectively, and are defined in SI units by 

expressions G = 2
/cneff, where 

 is the appro-

priate Raman susceptibility 
  as defined previously 

in Eq. (4), and R = 
 /2cneff, where 

  is the 

non-resonant third-order susceptibility.
It must be noted that based on our earlier discussion 

regarding the effect of temperature on the Raman 
susceptibility, the value of G depends on the medium’s 
temperature as well as on the difference between the 
pump and Stokes component frequencies. To wit, only 
when the value of the shift frequency ν corresponding 
to the actual temperature is equal to the frequency 
difference of the injected pump and Stokes (input signal) 
beams, the SRS-induced gain will attain its maximum 
value (see Eqs. (4), (7)); for higher temperatures the 
gain will be reduced due to flattening and shifting of 
the resonance curve, the latter having the effect of fre-
quency detuning, as explained at the end of Section IIB.

III. RESULTS AND DISCUSSION

In this section, we shall take the Raman wavelength 
converter as a specific application example of our 
methodology to demonstrate the type of impact that 
temperature effects can have on silicon Raman photonic 
devices. It should be pointed out, however, that the 
coupled-mode approach presented in the previous section 
is general enough to be applied towards all types of 
Raman devices.

Consider Fig. 6, which illustrates a wavelength converter 
arrangement for conversion of a C-band optical signal 
to an O-band optical signal. A pump beam at 1434 nm 
and a ‘signal beam’, i.e., the Stokes beam, at 1550 nm 
are injected into the Raman device, their frequency 
separation corresponding to the optical phonon frequency 
15.6 THz at 298 K (see Fig. 2). Due to the SRS inter-
action in the medium, an anti-Stokes component, i.e., 
a wavelength-converted signal at 1336 nm, is generated 
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(a)

(b)

FIG. 6. Raman wavelength converter: (a) Wavelength relationship among the various components, (b) Schematic of 
the converter dynamics.

and emerges at the output of the device along with the 
pump and the Stokes beams.

The values of the material-related parameters that 
appeared in the coupled-mode equations earlier are as-
sumed as follows for subsequent calculations, which are 
either taken directly from or chosen well in line with 
the values used in the references. The value of the non- 

resonant susceptibility 
  is taken as -0.05 × Im

{
}, where 

 is the on-resonance Raman suscepti-

bility at room temperature [19,20], and the linear propa-
gation loss coefficient  as 1 dB/cm [24]. The TPA 
coefficient  is assumed to be 0.5 cm/GW [17] and 

the FCA loss coefficient  is calculated in unit of 

cm-1 as follows [4],[6]:

≈×
ㆍ


 (8)

where  is the pump beam’s intensity and τeff is the 

effective carrier lifetime, which is assumed to be 1 ns.
Because the loss terms related to , ,  are 

generally much smaller than the optical nonlinearity 
terms containing G or R in the coupled-mode equations 

and their temperature dependences are quite complicated, 
we shall not take into account the temperature variation 
of the loss terms in our calculations. This simplification 
would allow us to focus solely on the temperature 
dependence of the Raman effect in connection with the 
device performance characteristics while retaining a 
reasonable degree of accuracy.

The coupled-mode equations given by Eq. (6), being 
analytically intractable in the present form, were solved 
numerically by using the 4th-order Runge-Kutta method, 
with the input pump and Stokes beam power providing 
the necessary boundary condition at one end. 

Figs. 7(a) and (b), taken from the numerical solution 
obtained under the scenario described above, illustrate 
the evolution of the anti-Stokes and Stokes beam inten-
sity with distance for a variety of temperature and phase- 
matching conditions (the Δk = 0 case representing perfect 
phase-matching) as the beams propagate through the 
waveguide. The input power was assumed to be 600 
mW for the pump and 1.8 mW for the Stokes beam, 
respectively. Let us now examine the salient features of 
these results. First, we note that the anti-Stokes beam 
intensity grows from the initial value of zero (as there 
is no anti-Stokes beam at the input) in a quasi-linear 
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(a) (b)

FIG. 7. Evolution of the beam intensities over distance for various temperatures and phase-matching conditions (input 
power: pump = 600 mW, Stokes = 1.8 mW): (a) anti-Stokes beam, (b) Stokes beam.

fashion over the distance range shown for the perfect 
phase-matched case of Δk = 0, with the rate of increase 
showing a significant drop-off at higher temperatures. 
In fact, the anti-Stokes beam’s intensity at z = 2.5 cm 
is only ~ 0.6 × 104 for W/cm2 T = 500 K as opposed 
to 7.6 × 104 W/cm2 for T = 298 K, a reduction by 
a factor of nearly 13! This strong temperature dependence 
makes good sense given our earlier discussion on how 
a temperature increase reduces the nonlinear Raman 
gain. The quasi-linear growth behavior can be attributed 
to the fact that the rate of the anti-Stokes field’s 
increase is initially governed by the last term of Eq. 

(6c), ES
, and is essentially independent of EA 

because EA starts out from zero and remains quite 
small. When the phase-mismatch is significant (as in 
the Δk = 10 cm-1 case), the anti-Stokes beam cannot 
sustain any growth, remaining virtually insignificant 
throughout propagation, with a weak quasi-periodic 
undulation. The reason for this behavior, which is 
consistent with past findings, is that an efficient transfer 
of power cannot take place from the pump to the 
anti-Stokes component due to the rapid phase oscillation 
(10 rad/cm) of the exponential factor exp(+iΔkz) in the 
last term of (6c).

The Stokes component’s intensity profile contains 
several different features from those of the anti-Stokes 
component. While it is still true that a temperature in-
crease introduces a reduction of the intensity value across 
the entire distance range, it is interesting to observe 
that the beam intensity, which starts out with some 
initial value, may saturate or even diminish with distance 
for higher temperature cases. This can be explained by 
the fact that at a sufficiently high temperature a power 
increase due to the self-dependent gain, associated with 
G of the second term of Eq. (6b) κSSES|EP|

2, cannot 
compensate enough to overcome the power losses due 
to the Stokes-to-anti-Stokes net power transfer and the 

linear absorption, TPA and FCA (see Eq. (6b)) 
because of the lower Raman gain. The other noteworthy 
feature, radically different from the anti-Stokes figure, is 
that the Stokes intensity is actually higher for the 
phase-mismatched case at all temperatures. In fact, the 
intensity continues to grow for the entire distance range 
shown for the case of T = 298 K, Δk = 10 cm-1, although 
the discrepancy between the Δk = 0 case and Δk = 10 
cm-1 case results does become increasingly small for higher 
temperatures. This phenomenon occurs because there is 
less Stokes-to-anti-Stokes power transfer when is signifi-
cant due to inefficient longitudinal coupling.

We also note that for the result in Fig. 7 the output 
intensity for the anti-Stokes beam, i.e., IA at z = 2.5 
cm, is only on the order of 104 W/cm2, compared to 
the input intensity of 1.6 × 105 W/cm2 for the Stokes 
beam, an order of magnitude difference. Finally, we 
were able to verify – though supporting figures have 
not been included here for brevity - that the intensity 
distribution of the anti-Stokes component scales approx-
imately linearly with the input Stokes power and also 
that the position of the maximum anti-Stokes intensity 
becomes increasingly closer to the input location (z = 
0) with greater input pump power.

Fig. 8 shows the Stokes-to-anti-Stokes conversion effi-
ciency in dB as a function of the distance from the input 
location based on the result of Fig. 7(a), where the 
Raman parametric wavelength conversion efficiency is 
defined as the ratio of the anti-Stokes intensity to the 
input Stokes intensity IS(0) as follows [6],[19,20],[23]:

 


(9)

Because the conversion efficiency is essentially a 
normalized anti-Stokes beam intensity, physical explana-
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FIG. 8. Conversion efficiency as a function of distance 
from the input location for various temperature and 
phase-matching conditions (input power: pump = 600 
mW, Stokes = 1.8 mW).

FIG. 9. Conversion efficiency as a function of phase- 
mismatch parameter Δk at different temperatures for 
device length of 2.5 cm (input power: pump = 600 mW, 
Stokes = 1.8 mW).

FIG. 10. Temperature dependence of the conversion 
efficiency with pump power and phase-mismatch as 
parameters.

tions for its behavior with respect to temperature and 
phase-mismatch variations are exactly the same as with 
Fig. 7(a) despite the seemingly quite different appearance 
from the anti-Stokes intensity variations seen in Fig. 
7(a) due to the logarithmic scale. The most significant 
aspect about the result contained in Fig. 8 is that the 
maximum efficiency at the device output (z = 2.5 cm), 
between -3 and -4 dB, occurs at T = 298 K with Δk 
= 0, i.e., when the temperature is the lowest and there 
is perfect phase-match. A temperature increase with Δk 
fixed at zero leads to a rapid reduction of the conver- 
sion efficiency; in fact there is nearly a 12 dB-drop 
associated with a temperature rise from 298 to 500 K, 
which highlights the importance and necessity of device 
temperature management from a practical standpoint. 
There is a drop-off of similar magnitude associated with 
temperature increase for the Δk = 10 cm

-1
 cases but 

the efficiency is too low in all the cases to be of any 
significance.

Fig. 9 illustrates the effect that the phase-mismatch 
parameter Δk has on the output conversion efficiency 
at several different temperatures under the assumption 
of 2.5 cm device length and the same input powers as 
before. The key features of the result are: (i) the maxi-
mum conversion efficiency occurs when Δk = 0; (ii) the 
efficiency curve exhibits a Sinc

2
-like behavior with re-

spect to Δk ; and lastly (iii) there is a near-uniform 
reduction of the efficiency across the entire Δk range 
associated with a given temperature increase. These trends 
are consistent with our previous discussion regarding Fig. 
7(a) and also past findings on the effects of phase- 
mismatch on parametric wavelength conversion [19],[23]. 
We also note that the 3-dB width (FWHM) of the conver-
sion efficiency is roughly equal to 2 cm

-1
. An important 

point to be made is that even though the phase-mismatch 
parameter was treated as an independent parameter or 
variable while obtaining our numerical results, careful 
arrangements must be made, including choosing suitable 
polarizations for the pump and Stokes beams, in an 
actual device setting in order to achieve as close to a 
perfect phase-matching condition as possible. This issue 
is quite difficult as well as complex, and interested 
authors should consults references such as [6,24].

Finally, Fig. 10 demonstrates the conversion efficiency’s 
dependences on temperature for different combinations 
of Δk value and the input pump power PP. From the 
figure, we observe that a higher pump power unilaterally 
leads to a higher efficiency in all cases, which is to be 
expected. Other features reaffirm our earlier findings.

IV. CONCLUSION

In this paper, we investigated the potential effects 
that a temperature change can have on the performances 
of SRS-based silicon photonic devices from a theoretical 
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standpoint, a topic mostly unaddressed in the past. This 
issue is of paramount importance for development of 
field-deployable Raman silicon devices because of the 
high device temperature expected due to the high beam 
intensity and narrow crossectional area involved. We 
first incorporated the temperature dependences of the 
key SRS parameters, the resonant frequency and the 
FWHM linewidth of the frequency response, into the 
Raman gain coefficient and Raman susceptibility of 
silicon, which, through their role in determining the 
coupling coefficients, introduced temperature as an 
implicit variable in a simple and yet natural manner. 
We then solved numerically the coupled-mode equations 
for the example of a silicon Raman wavelength converter 
that generates a wavelength-converted signal at 1336 
nm(anti-Stokes component) from the input signal of 
1550 nm(Stokes component) to determine the temperature 
effects on the performance characteristics of the device.

Our results, in addition to confirming previously 
published theoretical and experimental results on both 
the silicon Raman devices in general and Raman wave-
length converters, suggest that a temperature increase 
of ~ 200 K from the room temperature can significantly 
reduce the conversion efficiency, by as much as 12 dB. 
The primary reasons for this performance degradation 
were attributed to a reduction in Raman gain due to 
frequency-detuning effect and broadening of the SRS 
gain curve caused by the temperature increase. This 
finding suggests that, despite its attractiveness due to 
potential rewards from low-cost fabrication, on-chip 
integration capability with silicon-based optical and 
electronic components, and high channel-selectivity in 
comparison with Raman fiber devices, temperature effects 
must be carefully taken into account in order for silicon 
Raman photonic devices to become commercially feasible 
in optical communication applications.
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