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Abstract—This paper presents the case for the silicon Raman
laser as a potential source for the technologically important mid-
wave infrared (MWIR) region of the optical spectrum. The mid-IR
application space is summarized, and the current practice based
on the optical parametric oscillators and solid state Raman lasers
is discussed. Relevant properties of silicon are compared with pop-
ular Raman crystals, and linear and nonlinear transmission mea-
surements of silicon in the mid-IR are presented. It is shown that
the absence of the nonlinear losses, which severely limit the per-
formance of the recently demonstrated silicon lasers in the near
IR, combined with unsurpassed crystal quality, high thermal con-
ductivity and excellent optical damage threshold render silicon a
very attractive Raman medium, even when compared to the very
best Raman crystals. In addition, silicon photonic technology, of-
fering integrated low-loss waveguides and microcavities, offers ad-
ditional advantages over today’s bulk crystal Raman laser tech-
nology. Using photonic crystal structures or microring resonators,
the integrated cascaded microcavities can be employed to realize
higher order Stokes emission, and hence to extend the wavelength
coverage of the existing pump lasers. Exploiting these facts, the
proposed technology can extend the utility of silicon photonics be-
yond data communication and into equally important applications
in biochemical sensing and laser medicine.

Index Terms—Er:YAG and erbium-based solid-state lasers, mid-
IR silicon lasers, midwave infrared (MWIR) silicon laser, silicon
Raman lasers, two-photon absorption (TPA).

I. INTRODUCTION

COMPACT, broadly tunable, energy efficient midwave in-
frared (MWIR)/ longwave infrared (LWIR) sources have

been the topic of active research for over two decades. Histor-
ically, the need for sources operating in the 3–5-and 8–12-µm
atmospheric transmission windows has been primarily driven
by military applications such as wind light detection and rang-
ing (LIDAR), remote chemical and biological sensing, and IR
countermeasures (IRCM). However, over the past decade, such
sources have also found use in a wide array of applications rang-
ing from purely scientific uses, such as ring down and Fourier
transform infrared (FTIR) spectroscopy, to clinical uses where
tissue ablation is achieved by targeting the resonant absorption
peaks in water, the amide bonds in collagen, and other tissue
chromophors in the MWIR region. Additionally, industrial uses
such as hydrocarbon detection from vehicles, oil fields, and
industrial smoke stacks are of interest.
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The maturing diode pumped solid state lasers technology
combined with continued improvements of IR transmitting non-
linear crystals, especially with respect to the reduced bulk ab-
sorption at the pump wavelength (typically between 1–3 µm)
and the higher damage threshold, optical parametric oscillators
(OPOs) have become popular for generating tunable MWIR ra-
diation for many of the above-mentioned applications [1]–[3].
Much effort has been taken on designing the tandem OPO-based
system using 1064-nm laser as the pump source [4]–[6]. While
these systems use the most mature laser as a pump source (i.e.,
Nd:YAG laser), the tandem OPO configuration adds consid-
erable complexity to the design and operation of the overall
system and often results in significant penalty in terms of the
effective electrical-to-optical conversion efficiency, when com-
pared to single-stage OPO systems with the pump laser emitting
between 2.1 to 3 µm [7]–[10]. While the advances in nonlin-
ear material, IR coating, and OPO systems level design have
resulted in the operation over a broad range of pulse durations
[femtosecond pulses–continuous wave (CW)], spectral region
coverage, power scaling, and more importantly overall system
robustness, such lasers are still a specialty item. OPOs are far
from widespread use, primarily due to the high cost and limited
commercial availability of high quality MWIR nonlinear crys-
tals. An alternative means to generate MWIR radiation, and one
that mitigates some of these limitations, is the solid-state Raman
laser (SSRL).

SSRLs have also made remarkable advances in recent years.
The development of SSRLs based on crystalline Raman materi-
als pumped at the fundamental and frequency-doubled Nd-based
and Ti:Sapphire lasers has resulted in the generation of a broad
range of wavelengths ranging from visible up to 1.6 µm, and
more impressively, the demonstration of CW Raman laser ac-
tion at ∼589 nm with power levels approaching a few watts.
Compared to the OPO, the SSRL utilizes a much simpler archi-
tecture for IR frequency shifting of the pump [11]. The SSRLs,
although not as broadly tunable as OPOs, can be tuned via the
pump wavelength. The recent demonstration of the first silicon
Raman laser [12] combined with an excellent transmission of
silicon in the mid-IR suggests that silicon should be considered
as a MWIR Raman crystal. Operating in the 1550-nm near-IR
band, the main limitation of silicon Raman lasers at the present
is the loss due to free carriers that are generated by two photon
absorption (TPA) [13], [14]. Active carrier sweep out using a
p-n junction has been proposed as a mean to mitigate this prob-
lem [13], [14] and CW operation has been demonstrated using
this technique [15]. However, the p-n junction is only partially
effective and the remaining free carriers limit the output power
to only a few megawatt levels. In addition, this approach causes
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the electrical power to dissipate on the Raman crystal, a problem
that does not exist in the conventional Raman lasers. However,
as will be experimentally shown in this paper, the TPA vanishes
in the MWIR regime, hence eliminating the main problem with
silicon Raman lasers [16]. This combined with: 1) the unsur-
passed quality of commercial silicon crystals; 2) the low cost
and wide availability of the material; 3) extremely high optical
damage threshold of 1–4 GW/cm2 (depending on the crystal re-
sistivity); and 4) excellent thermal conductivity, renders silicon
a very attractive Raman crystal.

This paper presents the case for silicon Raman lasers operat-
ing in the MWIR. Section II starts with the physics of Raman
scattering in silicon followed by a discussion on other nonlinear
optical effects that may compete or undermine the stimulated
Raman amplification, a prerequisite for lasing. It then provides
a comprehensive table that summarizes the key parameters of
silicon compared to the currently-used Raman crystals. It is
shown that the combination of a high Raman gain coefficient,
a large thermal conductivity, and high damage threshold ren-
der silicon a superior Raman medium, even when compared to
the very best Raman crystals. Section III presents the severe
challenges faced by silicon Raman laser, when operated in the
near IR. It discusses the popular use of a reverse-biased p-n
junction as a means to eliminate the free carrier loss, and shows
that electric field screening renders this approach ineffective at
moderate and high pump intensities, hence severely limiting
the laser output power. It builds the case for pumping at wave-
lengths longer than that of the two-photon bandedge (∼2.2 µm)
as the most promising approach to exploit the favorable Raman
properties of silicon. Section IV validates this concept by pre-
senting new results on the measurements of linear and nonlinear
transmission characteristics of silicon in MWIR. Of particular
significance, as it relates the prospects for MWIR lasers, is the
observed absence of nonlinear losses (two photon and three
photon) at intensities of up to >100 MW/cm2. Section V dis-
cusses self-focusing and thermal-lensing effects, followed by
waveguide-design considerations. The possibility of extending
the addressable wavelength range of silicon Raman lasers us-
ing higher order Stokes emission is presented. It concludes by
discussing two candidates for cascaded cavity designs that can
enable this capability. Finally, Section VI summarizes the paper.

II. NONLINEAR OPTICS IN SILICON

This section describes the various nonlinear optical processes
in silicon. The discussion encompasses Raman, Brillouin, and
nonlinear absorption processes including the TPA, three-photon
absorption (three-PA), and free-carrier absorption (FCA). Sili-
con is compared with other popular solid-state Raman crystals
to ascertain its place as a MWIR Raman medium.

A. Raman Scattering

A simple and intuitive macroscopic description of the Raman
scattering process is as follows. In spontaneous scattering, the
thermal vibrations of the lattice at frequency ωv (15.6 THz in
silicon) produce a sinusoidal modulation of the susceptibility.
The incident pump field induces an electric polarization that

Fig. 1. Stokes and anti-Stokes generation processes in Raman scattering.

is given by the product of the susceptibility and the incident
field. The beating of the incident field oscillation (ωp) with the
oscillation of the susceptibility (ωv ) produces induced polar-
izations at the sum frequency, ωp + ωv , and at the difference
frequency ωp − ωv . The radiation produced by these two po-
larization components is referred to as anti-Stokes and Stokes
waves, respectively. Fig. 1 depicts the vibrational energy lev-
els of silicon and the Stokes/anti-Stokes generation processes.
Quantum statistics dictates that the ratio of Stokes power to
anti-Stokes power is given by (1 + N)/N where

N =
[

exp

(
h̄ωv

kT

)
− 1

]−1

.

N is the Bose occupancy factor and has a value of ∼0.1 for
silicon at room temperature. This model can be extended to de-
scribe the stimulated Raman scattering [17]. Here, it is assumed
that the pump field and the Stokes field are already present, with
a frequency difference equal to the atomic vibrational frequency.
The latter is due to the spontaneous emission. The key point is
that the two fields (pump and Stokes) create a force that stim-
ulates atomic vibrations, even in the absence of a static dipole
moment (such is the case for centrosymmetric silicon crystal).
The driving force can be understood as follows. If E is the total
field comprising the pump and Stokes field, and χ is the sus-
ceptibility, the energy stored in the field V = (1 + χ/2)EE∗

will have a component oscillating at ωp − ωs = ωv . Through
the modulation of the susceptibility with displacement Q, this
will produce a force

F ∝ ∂V

∂Q
≈ ∂χ

∂Q
EpEs exp(−ωv t).

This driving force will enhance the atomic oscillations, which
in turn will increase the amplitude of the Stokes field Es . This
positive feedback phenomenon is called stimulated Raman scat-
tering and results in the amplification of the Stokes field.

While the above macroscopic model is intuitively simple to
understand, it does not account for the detailed processes respon-
sible for Raman scattering in silicon. The microscopic picture
reveals that the direct coupling of light with atomic vibrations is
very weak in the near-IR and MWIR wavelengths. This is gen-
erally true in semiconductors owing to the large atomic mass. In
silicon, the lack of dipole moment further underscores this fact.
The electrons mediate the Raman scattering process in silicon.
Microscopically, the scattering proceeds in three steps [18]. In
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Fig. 2. Spontaneous Raman spectra of silicon showing the first- and second-
order Stokes emission (from [19]). Frequency is plotted relative to pump fre-
quency. Anti-Stokes spectrum is not shown.

step 1, the incident photon excites the semiconductor into an
intermediate step by creating an electron–hole pair. In step 2,
the pair is scattered into another state by emitting a phonon
via the electron–phonon interaction Hamiltonian. In step 3, the
electron–hole pair in the intermediate step recombines radia-
tively with the emission of a scattered photon. While electrons
mediate the process, they remain unchanged after the process.
Furthermore, the transitions involving electrons are virtual, and
hence do not have to conserve the momentum, although the
energy must be conserved.

Fig. 2 shows the Raman spectrum of silicon [19]. The vi-
brational modes involved in the first-order Raman scattering
process in silicon are the triply degenerated zone-center opti-
cal phonons. The pump to Stokes separation is ∼15.6 THz or
520 cm−1 and the bandwidth of the first-order Raman scattering
peak is∼105 GHz as determined by the optical phonon response
time in silicon. The higher order Raman scattering features are
much broader, nonetheless weaker than the first-order scattering
peak.

Crystal symmetry imposes a selection rule that dictates which
scattering geometries are allowed. The spontaneous scattering
efficiency S is given by

S = S0

∑
k=1,2,3

|êsRk êp |2. (1)

Unit vectors êp and ês denote the polarization of the pump
and Stokes electromagnetic fields. S0 contains the intrinsic mi-
croscopic property of silicon and can be written as

S0 =
k4

S

32π2n
V

(
da

dQ

)2

. (2)

Here, kS is the Stokes wavevector, n is the refractive index,
V is the scattering volume and da/dQ is the derivative of the
polarizability with respect to the atomic displacement. Thus, the
spontaneous scattering efficiency in free space scales is 1/λ4

S ,
similar to the Rayleigh scattering process. In silicon, S0 has a
value of 8.4 × 10−7/cm·sr at 1550-nm pump wavelength [20].

The stimulated scattering process is described in terms of the
polarization and a macroscopic third-order Raman susceptibility
[21]

P
(3)
i (ωS ) = εoχ

(3)
ijklEj (ωS )Ek (ωp)El(−ωp). (3)

TABLE I
COMPARISON OF VARIOUS RAMAN SOLID-STATE LASER MATERIALS

(FROM [11]) WITH SILICON

The Raman susceptibility has a typical resonant Lorentzian
profile, which peaks at the Stokes/anti-Stokes frequencies.

The evolution of the Stokes intensity along the propagation
direction is given by

dIS

dz
= gRIP IS

where the gain coefficient is determined by the value of the
Raman susceptibility

gR =
3ωS µo

nS nP
χ

(3)
ijkl =

6πµo

λS nS nP
χ

(3)
ijkl . (4)

The gain coefficient extracted from measurements performed
near 1550 nm is 20 cm/GW [21]. For application to MWIR, the
gain-coefficient scales with wavelength of 1/λS is evident in
the above expression.

Table I compares silicon with popular Raman crystals that are
presently being used. The latter category includes Ba(NO3)2,
LiIO3, KGd(WO4)2 and CaWO4 [11]. It is seen that silicon is
quite competitive with these crystals in terms of MWIR trans-
mission range and Raman gain. Thermal conductivity of the
crystals is an important parameter in the design of high-power
Raman lasers. When this is considered, silicon has superior
performance as compared to other crystals.

B. Brillouin Scattering

Stimulated Brillouin scattering occurs at high enough pump
intensities at which the acoustic waves are driven by the coherent
interaction of the pump and the Stokes waves. The detailed
analysis of the Brillouin scattering can be found in [17] and [22].
Brillouin scattering has been observed in fibers and has been
used to build ultranarrow-linewidth fiber lasers [23].

In the first measurement of the Brillouin spectrum of silicon,
the incident wavelengths used were 488 nm and 632.8 nm [24].
The spectrum of silicon in the backscattering direction with 488-
nm wavelength is shown in Fig. 3 (from [24]). The shift has been
calculated at telecom wavelengths to be ∼40 GHz [24], [25],
and the spontaneous scattering efficiency has been obtained as
1.2 × 10−8/cm·sr [25]. Thus, the spontaneous scattering effi-
ciency for Brillouin is lower than that of the Raman process.
The Brillouin scattering linewidth is expected to be of the order
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Fig. 3. Spontaneous Brillouin spectrum of silicon as obtained by Sandercock
[24] in a backscattering configuration from a (100) surface (normal incidence).
The incident wavelength was 488 nm.

Fig. 4. Two-photon absorption process and the generation of free carriers. If
allowed to accumulate, these carriers result in substantial increase in optical
loss. The so-called nonlinear loss competes with Raman gain.

of tens of megahertz, thus reducing the Brillouin gain signifi-
cantly when pumped with the laser sources of bandwidth 100
MHz or higher [23]. Hence, the Brillouin scattering process is
not expected to deplete the pump, when trying to observe Raman
scattering with sufficiently large pump bandwidth.

C. Nonlinear Absorption Processes

In the presence of high pump intensities required to observe
Raman scattering, there are competing nonlinear absorption pro-
cesses, which could become significant enough to reduce the
Raman gain substantially. These are TPA, FCA, and possibly
three-PA processes. A schematic of the TPA process and the
generation of free carriers are shown in Fig. 4. The TPA has
been shown to be negligible from the point of view of pump
depletion [21]. This is plausible since the TPA coefficient in sil-
icon β is relatively small ∼0.5 cm/GW, when compared to the
Raman gain coefficient of gR = 20 cm/GW at 1550-nm wave-
length. On the other hand, absorption by TPA-generated free
carriers is a broadband process that competes with the Raman
gain. The magnitude of TPA-induced FCA depends on free-
carrier concentration through the relation

αFCA = 1.45 × 10−17

(
λ

1.55

)2

∆N = σ∆N (5)

where λ is the wavelength of interest (in micrometers), and ∆N
is the density of electron–hole pairs [13], [14]. The latter is
related to the pump intensity Ip by

∆N =
(β2I

2
p + 2β2IpIS )τeff

2hν
(6)

where hν is the pump photon energy, and τeff is the effective re-
combination lifetime for free carriers. The deleterious impact of
free-carrier losses when measuring Raman scattering effects, is
discussed experimentally at near-IR wavelengths in Section III,
along with the possible solutions to overcome these effects to
fully utilize the Raman nonlinear effects.

Another nonlinear absorption process that occurs at high
pump intensities and wavelengths less than half the bandgap
of silicon is three-PA. The experimental results of nonlinear
absorption presented in Section IV clearly indicate that at typi-
cal mid-IR wavelengths in the 2.1–2.9-µm range, the three-PA
process is insignificant, even at the highest pump intensity of
200 MW/cm2 used in our measurements.

The competition of these deleterious effects with Raman gain
can be described in the following equations describing the prop-
agation of pump and Stokes intensities:

dIP

dz
= −αIP − gRIP IS − (β2IP + 2β2IS )IP

− αFCA
P IP − γ3I

3
P

dIS

dz
= −αIS − gRIP IS − 2β2IS IP − αFCA

S IS . (7)

In the order of appearance, the equation describing pump
propagation includes linear losses, Raman pump depletion,
Stokes gain, TPA, TPA-induced FCA, and three-PA. The FCA
cross section for TPA process is defined in (5). In the range of
intensities considered here, the three-PA effect is negligible as
supported by the experimental data of Section IV, and hence
γ3 ≈ 0. FCA losses due to three-PA are also neglected.

A summary of the relevant nonlinear optical effects along
with their strength and bandwidth is presented in Table II. It is
interesting to note that serendipitously, Raman scattering pro-
cess is the strongest among these effects.

III. RAMAN SCATTERING IN SILICON AT

NEAR-IR WAVELENGTHS

In this section, some of the recent results in the demonstration
of amplification and lasing at near-IR wavelengths are described.
The deleterious effect of nonlinear loss due to FCA and the
various schemes used to mitigate this effect are also elucidated.

A. Raman Gain and Nonlinear Losses

Raman gain and the nonlinear loss mechanisms were dis-
cussed in Section II. The evolution of Raman gain and nonlinear
losses along the length of the waveguide was solved numerically
in (7). The net achievable gain is plotted in Fig. 5 as a function
of pump intensity. Calculations are performed for pumping at
1550 nm, where TPA is prominent. The TPA-induced FCA de-
pends on the steady-state free-carrier density, a quantity that is
proportional to carrier lifetime τeff . The results suggest that the
carrier lifetime is a central parameter, and lifetimes of a nanosec-
ond or larger severely limit the gain and result in a net loss.

Experimental observation of the behavior predicted by the
model is shown in Fig. 6. The figure shows the measured Raman
gain under CW pump illumination. A 1.5-µm-wide 2-µm-high
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TABLE II
SUMMARY OF PERTINENT NONLINEAR OPTICAL EFFECTS IN SILICON AND COMPARISON OF THEIR RELATIVE STRENGTHS

Fig. 5. Evolution of net gain (i.e., Raman gain – nonlinear losses) as a function
of input pump intensity. This clearly illustrates the importance of carrier lifetime
reduction.

rib waveguide with a length of 2 cm was used in these mea-
surements. A lateral p-n junction straddles the rib with 1.9-µm
spacing between the p+/n+ doped region and the rib edge. The
waveguide was pumped by CW power at 1427-nm wavelength,
and the gain was measured using a second laser beam tuned to
the Stokes wavelength of 1542 nm. With the diode open cir-
cuited, the accumulation of free carrier results in a net optical
loss at the Stokes wavelength. When a reverse bias is applied,
the field removes the free carriers reducing their effective life-
time. The maximum gain is obtained at a reverse bias of 10 V.
Higher voltages do not increase the gain, a phenomenon that is
most likely due to the saturation of drift velocity, a well-known
feature of the carrier transport in semiconductor that occurs at
a peak electric field of approximately 2 × 104 V/cm. This hy-
pothesis is supported by the fact that for a p-n separation of
5.3 µm in our device, the average electric field at 10-V bias is
2.02 × 104 V/cm.

The decrease of gain at higher pump intensities under reverse
bias can be attributed to the increase in free-carrier losses due

Fig. 6. Measured CW Raman gain for a 2-cm-long waveguide. A lateral
reversed-bias p-n junction straddles the rib waveguide and performs active
carrier removal.

to the screening of the applied field by the free carriers. This re-
sults in an increase of the effective lifetime and the concomitant
reduction in the net gain. Fig. 7 shows the carrier lifetime varia-
tion as a function of the optical intensity in the waveguide. The
results are obtained through numerical simulations of carrier
transport using ATLAS, a computer-aided design tool. At low
intensities, the reverse bias is effective in reducing the carrier
lifetime. However, at high optical intensities, the lifetime in-
creases due to the screening effect. This important phenomenon
puts an upper limit on the maximum continuous wave output
power that can be generated in the near-IR by a silicon Raman
laser.

In addition to this, the noise performance of silicon Raman
amplifiers and lasers have not yet been quantified. These calcu-
lations would be important to ascertain the real impact of the
silicon Raman devices.

IV. EXPERIMENTAL RESULTS AT MID-IR WAVELENGTHS

The TPA effect, which is responsible for the creation of free
carriers in silicon is found to reduce significantly when pumped
at energies less than half the bandgap (wavelength ∼2.2 µm).
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Fig. 7. Variation of lifetime with optical intensity inside the waveguide for
different values of reverse voltage. As the intensity is increased, the larger
carrier density screens the applied field, and hence prevents carrier sweep out.
This leads to an increase in lifetime and, hence, higher optical losses.

Fig. 8. Linear absorption in silicon measured using an FTIR apparatus.

Two pump photons absorbed simultaneously lack the energy to
exceed the energy gap in order to excite electron–hole pairs.
The possible nonlinear loss mechanism is the three-PA process
and the free carriers associated with the three-PA. This process
is much weaker than TPA and is expected to be insignificant at
typical pump intensities used to observe Raman nonlinearities.
Thus, by employing optical pump in the mid-IR wavelengths,
the nonlinear loss mechanisms can be eliminated. This section
discusses the experimental results on loss mechanisms at mid-IR
wavelengths to support this point.

A. Linear Absorption in Silicon

The linear absorption in silicon was measured using a stan-
dard FTIR apparatus. Fig. 8 shows the absorption coefficient of
silicon (in decibels per centimeter) as a function of wavelength
in the range of 1–13 µm.

Fig. 9. Optical transmission in silicon as a function of intensity. Two different
pump sources at 2.09 and 2.936 mm were used in these experiments. The
enhanced nonlinear losses at 2.09 µm due to TPA and FCA, and the absence of
these losses at 2.936 mm is clearly seen.

The high losses at around 1 µm can be attributed to the indirect
bandgap absorption corresponding to an energy of 1.12 eV.
The low-loss window following this absorption peak extends
from 1.2 to 6.5-µm wavelength range. This is very attractive for
building optical devices in the near IR, telecom, as well as the
mid-IR wavelengths. Beyond 7 µm, the increase in losses could
be due to multiphonon absorption prcesses. However, the single-
phonon resonance peaks only at 20 µm (or 521 cm−1), and a
detailed investigation of these absorption features is necessary.

B. Nonlinear Absorption in Silicon

To measure the nonlinear absorption in silicon as a function
of pump intensity, the pulsed pump laser source was coupled
into a 1-in thick bulk silicon sample using standard calcium
fluoride lens. At the output end, a slow photodetector was used
to measure the energy of the pulse. The silicon sample was
moved towards the focus of the lens to increase the intensity
of the coupled optical beam. The following solid-state pump
sources were used in this work: 1) CTH-YAG crystal operating
at 2.09-µm, free-running mode with a pulse width of 100 µs and
energy of 1 J and 2) Er-doped YAG laser operating at 2.936 mm,
Q-switched with a pulse width of 75 ns, and energy of 25 mJ
[26].

Fig. 9 shows the transmission through the silicon sample
at the pump wavelengths of 2.09 and 2.936 µm. The silicon
sample was double-sided polished and the reflection loss per
facet is∼29%. Hence, the maximum transmission was measured
to be ∼53%.

At 2.09-µm pump wavelength, which is close to the indi-
rect band edge for the TPA process, the transmission reduces
considerably with the increasing pump intensity. This loss can
be attributed to the TPA and FCA processes. As the energy in
pump photons are reduced below half the bandgap, the TPA
process is expected to vanish. This is clearly observed in the
transmission results corresponding to 2.936-µm pump wave-
length. The slight decrease in the transmission with increasing
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intensities could be attributed to the three-PA process. However,
this process is expected to be extremely weak. Thus pumping
beyond the TPA edge (i.e., wavelengths longer than 2.2 µm) is
attractive for building useful nonlinear optical devices with the
TPA, and free-carrier loss effects are completely eliminated.

V. DISCUSSION

In this section, the Raman gain achievable using the MWIR
pump is estimated, and certain key aspects of the silicon Raman
laser design are also discussed. As explained in Section II, the
gain-coefficient scales to 1/λS with Stokes wavelength. The
gain coefficient of 20 cm/GW at 1550 nm [21] can be extrapo-
lated to the typical MWIR wavelength of 2.936 µm achievable
using Er-YAG laser [26] to be ∼10 cm/GW. The net Raman gain
that can be realized at typical pump intensities of 100 MW/cm2

is ∼1cm−1 or ∼4 dB/cm. In the absence of nonlinear loss mech-
anisms, this gain can be fully utilized to realize laser action in
the mid-IR.

One of the motivating factors in studying Raman scattering
in silicon waveguides as compared to bulk silicon, is the abil-
ity to achieve tight optical confinement, and hence high optical
intensities over long interaction lengths. Raman devices oper-
ating at mid-IR wavelengths can take advantage of the mature
silicon waveguide technology. A suitable low-index cladding is
necessary in order to achieve the tight optical confinement. At
telecom wavelengths, silicon-on-insulator (SOI) structures with
silica as the cladding material has been successfully used in
silicon integrated optical devices [27]. However, from the work
on optical fibers, it is known that silica becomes highly lossy
beyond 1.8 µm [23]. Thus, silica is not a suitable cladding for
MWIR silicon waveguides. Another requirement of the cladding
layer is good thermal conductivity. Sapphire is attractive from
the point of view of low index (∼1.6) and low loss in the MWIR,
and good thermal conductivity of 23 W·m−1·K−1 (roughly 20
times higher than silica). Fig. 10 is the absorption spectrum of
sapphire exhibiting low-loss transmission at the MWIR wave-
lengths [28]. Thus, silicon-on-sapphire (SOS) structures could
be potentially used to build integrated silicon MWIR Raman
devices [29].

The stimulated Raman process at high optical intensities is
often accompanied by the self-focusing effect, which involves
the spatial focusing or defocusing of the optical beam due to
the nonlinear refractive index of the medium [11]. In addition
to this, the heat dissipated into the Raman medium creates a
thermal gradient that alters the refractive index and hence causes
lensing effects [11]. These effects have to be included while
designing a Raman laser operating at high optical intensities. In
a semiconductor Raman medium, the presence of free carriers
generated due to TPA also alters the refractive index, and hence
causes the lensing effect. This effect is not relevant in silicon at
MWIR wavelengths due to the presence of negligible carriers.

The self-focusing effect becomes significant, when it be-
comes comparable to the diffraction effects of the Gaussian
beam in bulk medium [11]. However, when considering Raman
scattering in waveguide structures, the optical mode does not
diverge because of the guiding achieved by the core-cladding

Fig. 10. Absorption spectrum of sapphire versus wavenumber (lower ab-
scissa) and wavelength (upper abscissa) in the 2500- and 10 000-nm range.
Adapted from [28].

index difference. Hence a more relevant parameter that char-
acterizes self-focusing is the index difference induced by the
nonlinear refraction in comparison to the core-clad index dif-
ference. The index difference causing self-focusing is given
as ∆nsf = n2I . At typical pump intensities of 100 MW/cm2,
and n2 = 5 × 10−14 cm2/W [30], the change in core index
is 5 × 10−6. Silicon waveguides structures, as discussed later,
have much higher core-cladding index difference, hence self-
focusing will not have a significant influence on silicon waveg-
uides.

The thermal lensing effect can also be quantitatively evalu-
ated based on the analysis above. Assuming steady-state heat
dissipation into the medium, the change in refractive index of
the core of the guiding region is given approximately as

∆n =
dn

dT

PHeatτ

ρCP V
. (8)

The heat dissipated into the medium is the difference in the
Stokes and anti-Stokes power [11]

PHeat = PStokes

(
λS

λP
− 1

)
.

In silicon, dn/dT = 1.86 × 10−4/K, density is ρ = 2.33
gm/cm3, specific heat is CP = 0.7 J/gm·K, and the thermal
relaxation time is ∼10–100 µs depending on the cross section
over which heat is dissipated. The change in refractive index of
the waveguiding region of area 100 µm× 100 µm and length
of 1 cm is ∼ 1.14 × 10−4 /W of heat dissipation. This is much
smaller than the core-cladding index difference in silicon waveg-
uides, and hence does not cause a significant alteration in the
mode profile. Thus, self-focusing and thermal lensing effects
that have been found to be important in the design of Raman
lasers in bulk materials [11] are not expected to have significant
effect in silicon waveguide Raman lasers.

Another interesting feature of the Raman waveguide laser is
the possibility of achieving cascaded Stokes emission in nested
cavities with the Stokes beam reaching high intensities, and
hence acting as a pump for the successive Stokes emission. The
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Fig. 11. (a) Integrated cascaded Raman cavity in a silicon waveguide using
Bragg mirror pairs to selectively reflect the various orders of the Stokes beam.
(b) SEM photograph of chirped Bragg mirrors in silicon fabricated at UCLA
using electron beam lithography and deep reactive ion etching.

Fig. 12. Schematic of the integrated cascaded cavity Raman laser using a
microresonator structure.

absence of nonlinear loss mechanism will allow higher order
Raman emission in a cascaded cavity, extending the address-
able wavelength spectrum. Moreover, waveguiding is the key
to enable cascaded cavity operation, similar to the cascaded
cavity fiber lasers.1 Figs. 11 and 12 show possible implemen-
tation of the integrated cascaded Raman laser cavities. Bragg
mirrors can be implemented in silicon by deep etching of one-
dimensional (1-D) photonic crystals on the waveguides. The
high index of silicon makes it possible to realize high reflection
with only a few periods. By implementing such Bragg mirrors
for successive Stokes wavelengths, as shown in Fig. 11, it will
be possible to achieve cascaded Stokes lasing. The same can
also be implemented in a microcavity configuration as shown
in Fig. 12. In this case, the successive Stokes wavelengths have
to be resonant in the cavity for sustained oscillation. This has
been implemented in a silica microcavity in the near IR [31]. Ta-
ble III lists the successive wavelengths that can be achieved in a
cascaded silicon Raman laser. Some tunable laser pump sources

1Spectra-Physics Telecom: Model RL5 Raman fiber laser specifications.

TABLE III
CASCADED STOKES EMISSION IN A SILICON RAMAN CAVITY. VARIOUS PUMP

SOURCES THAT CAN BE USED ARE ALSO LISTED

Fig. 13. Contour profile of the electric field amplitude showing the self-
imaging Raman amplifier with the evolution of the pump and Stokes along
the length of the multimode silicon waveguide [34]. A single pump and Stokes
Gaussian beam are launched into the waveguide.

that can operate at wavelengths above the TPA edge of silicon
(λ > 2.2 µm) include the Cr/Tm/Er:YAG laser (cascade emis-
sion of ∼6 laser lines emitted between 2.62–2.94 µm), Cr+2

and other transition metal-doped ZnSe/ZnS or CdSe laser [con-
tinuously tunable from ∼2.1–2.7 µm (Cr:ZnSe) or continuously
tunable from ∼2.1–3.6 µm (Cr:CdSe)] [26], [32], [33].

Raman scattering in multimode waveguides also exhibits
some interesting effects. Fig. 13 shows the simulation of a
self-imaging Raman amplifier in a multimode silicon waveg-
uide [34]. As shown in this figure, the silicon waveguide am-
plifies the Stokes signal in the waveguide in the presence of the
pump beam, and also periodically reproduces the input image
due to Talbot effect. Such an amplifier can find application as
an image preamplifier for remote sensing.
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VI. CONCLUSION

In summary, silicon Raman lasers should be considered as
potential candidates for covering the technologically important
MWIR region of the spectrum. The absence of the nonlinear
losses, which severely limit the performance of these lasers in
the near IR, combined with unsurpassed crystal quality, high-
thermal conductivity, and excellent damage threshold render
silicon a very attractive Raman medium. Exploiting the ma-
ture silicon fabrication technology, low-loss waveguides with
long interaction and integrated cascaded microcavities can be
employed to realize higher order Stokes emission, and hence
to extend the wavelength coverage of the existing pump lasers
into MWIR. The proposed technology can expand the appli-
cation space of silicon photonics beyond data communication,
and into biochemical sensing, laser medicine and other MWIR
applications.
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