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Abstract: We report the optical injection modulation of semiconductor 
lasers by intra-cavity stimulated Raman scattering. This mechanism 
manifests itself as sharply enhanced modulation bandwidth in 
InAs/InGaAlAs/InP quantum-dash lasers when the injected photons are 33 
± 3 meV more energetic than the lasing photons. Raman scattering 
measurements on the quantum-dash structure and rate equation models 
strongly support direct gain modulation by stimulated Raman scattering. We 
believe this new bandwidth enhancement mechanism may have important 
applications in optical communication and signal processing. 
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1. Introduction 

Quantum-dash lasers [1] have been intensively studied for their unique characteristics, 
including low threshold current [2], wide temperature range [3], broadband emission [4], 
feedback insensitivity [5], low noise [6], and distinctive modulation behavior [7,8]. In this 
paper, we report another unique characteristic in terms of sharply enhanced modulation 
bandwidth in InAs/InAlGaAs/InP quantum-dash lasers under optical injection modulation 
when the injection wavelength is 65 ± 5 nm shorter than the lasing wavelength. Based on rate 
equation models, we postulate that the bandwidth is enhanced by stimulated Raman 
scattering, which, to our knowledge, has not previously been reported as a modulation 
mechanism for semiconductor lasers. 

2. Laser structure and experimental setup 

Table 1. Types of Lasers Tested 

Type I II III 

Heterostructure InGaAs/InGaAsP/InP InAs/InAlGaAs/InP 

Active Material Well Dash 

Number of Layers 5 4 5 

Density — 1010 cm−2 

Size 5.5 nm (20-75) × 18 × 3 nm3 300 × 25 × 5 nm3 

Cavity Length 400 µm 400 µm 450 µm 

Ridge Width 3 µm 3 µm 4 µm 

Threshold Current 22 mA 215 mA 46 mA 

Emission Wavelength 1600 nm 1620 nm 1565 nm 

Emission Bandwidth <10 nm >10 nm ~10 nm 

Modulation Efficiency 0.97 GHz/mA½ 0.36 GHz/mA½ 0.55 GHz/mA½ 

K Factor 0.28 ns 0.81 ns 0.31 ns 

Reference  [10]  [4]  [11] 

Table 1 lists the three types of lasers tested, all with cleaved and unpassivated facets. The first 
is a quantum-well laser [10]; the second and third are quantum-dash lasers. Due to subtle 
differences in fabrication, the two quantum-dash lasers differ in emission wavelength and 
other characteristics. In particular, the 1620-nm laser [4,9] has less uniform dashes, higher 
threshold current, and broader emission width than the 1565-nm laser [11]. 

All three types of lasers are tested by using a custom setup [12] for optical injection 
modulation. Unlike in optical injection locking, in optical injection modulation the laser-
under-test is electrically biased into lasing but the modulation is accomplished by using an 
optical modulator between the laser-under-test and the injection laser. This helps reveal the 
intrinsic characteristics of the laser-under-test without being hindered by parasitic resistances 
and capacitances [13]. The self-heating effect is also minimized by sub-microsecond pulsing 
of both the electrical bias and the optical injection, which is a unique capability of the custom 
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setup. The pulsed optical injection is in turn modulated by a LiNbO3 Mach-Zehnder 
modulator driven by the amplified signals of a time-gated microwave network analyzer 
between 0.5 and 10 GHz. All modulation responses are normalized by their values at 0.5 GHz 
to eliminate the uncertainty due to variations in coupling efficiency. The source for optical 
injection can be either a narrowband laser at 1310 nm or a tunable laser between 1460 nm and 
1580 nm. All tests are performed on bare laser chips at 20°C in dry air. 
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Fig. 1. Measured (a) magnitude and (b) phase of the response of a 1600-nm quantum-well laser 
biased with 33 mA and optical injection modulated with different injection wavelengths and 
modulation frequencies. 
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Fig. 2. Measured (a) magnitude and (b) phase of the response of a 1620-nm quantum-dash laser 
biased with 298 mA and optical injection modulated with different injection wavelengths and 
modulation frequencies. 

#122035 - $15.00 USD Received 4 Jan 2010; revised 25 Feb 2010; accepted 4 Mar 2010; published 12 Mar 2010

(C) 2010 OSA 15 March 2010 / Vol. 18,  No. 6 / OPTICS EXPRESS  6213



-20

-10

0

10

20

30

0 2 4 6 8 10
Frequency (GHz)

M
a
g

. 
R

e
s
p

o
n

s
e
 (

d
B

)

84 mA

101 mA

118 mA

-3

-2

-1

0

1

0 2 4 6 8 10
Frequency (GHz)

P
h

a
s
e
 R

e
s
p

o
n

s
e
 (

ra
d

)

84 mA

101 mA

118 mA

(a) (b)
 

Fig. 3. Measured (symbol) vs. modeled (curve) (a) magnitude and (b) phase response vs. 
frequency of a 1565-nm quantum-dash laser electrically biased at different currents and optical 
injection modulated at 1490 nm. 
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Fig. 4. Measured (symbol) vs. modeled (curve) (a) magnitude and (b) phase response vs. 
frequency of a 1565-nm quantum-dash laser electrically biased at different currents and optical 
injection modulated at 1500 nm. 
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Fig. 5. Measured (symbol) vs. modeled (curve) (a) magnitude and (b) phase response vs. 
frequency of a 1565-nm quantum-dash laser electrically biased at different currents and optical 
injection modulated at 1510 nm. 

#122035 - $15.00 USD Received 4 Jan 2010; revised 25 Feb 2010; accepted 4 Mar 2010; published 12 Mar 2010

(C) 2010 OSA 15 March 2010 / Vol. 18,  No. 6 / OPTICS EXPRESS  6214



3. Effects of optical injection wavelength and microwave modulation frequency 

Figure 1 shows the classical [14] frequency response to optical injection modulation measured 
on the quantum-well laser. Both the magnitude and phase of the response are conveniently 
recorded by the microwave network analyzer, which corrects for the loss and delay of cables 
and connectors after a standard calibration procedure. It can be seen that the response patterns 
are similar between different injection wavelengths. However, at 1530 nm when the laser 
transitions between gain and absorption, the response is ~20 dB weaker and the data are much 
noisier. As the signal intensity is affected by variations in coupling efficiency, presently the 
absolute change in modulation efficiency cannot be more accurately assessed. The phase of 
the response changes by π as in any resonance phenomena. The phase response will be 
discussed in detail at the end of Sec. 4. 

By contrast, the response measured on the two quantum-dash lasers near the gain-
absorption transition is stronger and more broadband than at other injection wavelengths. 
Figure 2 shows the response of the 1620-nm quantum-dash laser. It can be seen that the 
bandwidth is significantly enhanced at the injection wavelength of 1555 nm. However, just 10 
nm off, at 1545 nm or 1565 nm, the response is as classical as that at 1310 nm. Figures 3-5 
show similar bandwidth enhancement of the 1565-nm quantum-dash laser, although its many 
other characteristics are different from that of the 1620-nm quantum-dash laser. It can be seen 
that the response at 1500 nm is qualitative different from that at 1490 nm or 1510 nm, 
independent of the bias current. In spite of the different lasing wavelengths of the two 
quantum-dash lasers, bandwidth enhancement always occurs when the injection wavelength is 
65 ± 5 nm below the lasing wavelength. In either case, the bandwidth enhancement effect 
does not change significantly if the optical injection power is varied from 0.6 mW to 1.2 mW. 
The maximum power is limited by the output of the injection laser; the minimum power is 
limited by the signal-to-noise ratio. 
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Fig. 6. Measured (a) z(yy)z, (b) z(xy)z, (c) z(yx)z and (d) z(xx)z Raman shift of a quantum-
dash structure similar to that of the 1620-nm laser. 
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4. Rate equation model 

Figure 6 shows that the above-described difference of 65 ± 5 nm coincides with the Raman 
shift we measured on a quantum-dash structure similar to that of the 1620-nm quantum-dash 

laser. The measured InAs LO phonons are in the range of 252-260 cm
−1

, which corresponds to 
a wavelength of 63-66 nm. Therefore, we postulate that due to the strong stimulated emission 
around the lasing wavelength, an injection at the right wavelength can stimulate Raman 
scattering in the laser cavity and be coupled into the lasing mode. This can explain the strong 
response when the emission and injection wavelengths differ by the Raman shift. However, 
the difference in the frequency response pattern requires more detailed explanation by using 
rate equation models. 

The frequency response of a quantum-well laser to optical injection modulation can be 
expressed as [14] 

 
2

2 2
/ 2

P R

R

v f
M

f f j f

α τ
γ π

Γ
=

− +
  (1) 

where f is the modulation frequency, α is the absorption coefficient, Г is the optical 
confinement factor, v is the group velocity, τP is the photon lifetime, fR is the relaxation 
frequency, and γ is the damping factor. Equation (1) can be modified to include stimulated 
Raman scattering by considering the following rate equations 
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where q is the electron charge, NW and ND are carrier densities in quantum wells and dashes, 
∆ND is the small-signal variation of ND, S and SI are photon densities of laser emission and 
optical injection, I is the bias current, η is the current injection efficiency, δ is the volume ratio 
between quantum wells and dashes, τC and τE are carrier capture and escape times, τW and τD 
are carrier lifetimes in quantum wells and dashes, ε is the gain compression factor, and G and 
g are static and differential gains, respectively. The last term in Eq. (3) represents optical 
injection modulation; the last term in Eq. (4) reprsents stimulated Raman scaterring, with ψ 
being the coupling coefficient. Both α and ψ are functions of the injection wavelength. 
Spontaneous emission is omitted in Eq. (4) because its impact is negligible under the present 
circumstances. 

The small-signal solution of Eqs. (2)-(4) is 

 
( )2 ' 2 2

0

2 2

1 4
' (1 2 )

/ 2

P P D R R

R

R

v S f f
M j f

f f j f

α τ ψ τ π τ
πτ

γ π

 Γ + + = +
− +

  (5) 

 ( )' 2 2

0
1 1/ 4 1 /

R D P R
f v Sτ τ π τ α ψ= + + Γ   (6) 

 2 0 0 0

2 ' 2 '

00

' '1
1

14 (1 ) ' 4

I

R

P D D

vg S S vg S
f

SS vg

ψε
επ τ ε τ π τ

  
= + − +  

++    
  (7) 

 0 0

0'

0 0

'1

1 (1 )
I

PD

vg S S
S

S S

ε
γ ψ

ε τ ετ
= + + −

+ +
  (8) 

#122035 - $15.00 USD Received 4 Jan 2010; revised 25 Feb 2010; accepted 4 Mar 2010; published 12 Mar 2010

(C) 2010 OSA 15 March 2010 / Vol. 18,  No. 6 / OPTICS EXPRESS  6216



where τ’D = τD (1 + τC /τE) is the effective carrier lifetime in quantum dashes, g’ = g (1 + τC 
/τE) is the effective differential gain, S0 and SI0 are static photon densities of laser emission and 
optical injection, respectively, and τR is a bandwidth enhancement factor due to stimulated 
Raman scattering. 

Comparing Eq. (5) to Eq. (1), M’ differs from M in frequency response mainly due to the 
additional term of 1 + j2πτR f, which changes the high-frequency dependence from 1/f 

2
 to 1/f. 

This is consistent with the change from 12 dB/octave to 6 dB/octave in the high-frequency 
rolloff of the measured response magnitude M’M’* shown in Fig. 2(a). Further, by adjusting 
τR through its dependence on the the Raman coupling coefficient ψ according to Eq. (6), the 
frequency response of M’ can match the measured data under different bias currents and 
injection wavelengths as shown in Figs. 3-5. Thus, by adding only one parameter ψ for 
stimulated Ramance scattering, M’ can efficiently fit the new frequency response pattern. On 
the other hand, if ψ = 0, then M’ = M. 

Equation (1) describes the resonance of the modulation frequency f around the relaxation 
frequency fR in the 1600-nm quantum-well laser with its phase response θ illustrated in Fig. 

1(b). For the absorption at the injection wavelength of 1540 nm, α < 0 so that θ ≈π when f << 

fR and θ ≈0 when f >> fR. With gain at 1310 nm and 1520 nm, α > 0 so that θ ≈0 when f << fR 

and θ ≈−π when f >> fR. For the gain-absorption transition at 1530 nm, α ≈0 so that 0 < θ < π 

when f << fR and −π < θ < 0 when f >> fR. With stimulated Raman scattering in the quantum-
dash lasers, Eq. (5) is more complicated than Eq. (1), but the general trend of the phase 
response is similar as shown in Fig. 2(b)-Fig. 5(b). 
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Fig. 7. (a) Bandwidth enhancement factor |τR| and (b) injection-to-Raman gain ratio α/ψ as 
functions of the injection wavelength extracted on quantum-dash lasers. 

5. Discussion 

Figure 7(a) shows that the extracted bandwidth enhancement factor τR peaks at 100-200 ps in 
a spectral window of ~10 nm around the injection wavelengths of 1500 nm and 1560 nm for 
the 1565-nm and 1620-nm quantum-dash laser structures, respectively. This enhancement is 
dependent on both the injection gain (or absorption) and the Raman gain. Because the laser 
emission from quantum dashes has a broad spectrum [4] and the Raman gain in low-
dimensional structures may be inherently broader than in bulk materials [15], this relatively 
broad spectral window for enhancement is not surprising. 

The aforementioned characteristics can be used to estimate the value of Raman gain 
required to produce the observed modulation bandwidth enhancement. For the present 
modulation frequency range of 10 GHz, the last term of Eq. (5) is significant only when τR 
peaks. According to Eq. (6), τR is proportional to ψ/α, with ψ and α both varying with the 
injection wavelength. Therefore, a large ψ is insufficient for the modulation bandwidth to be 
enhanced by stimulated Raman scattering; large ψ and small α must occur at the same 
injection wavelength. However, although it appears to occur in the two different types of 
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quantum-dash lasers tested, it may not occur in all quantum-dash lasers. More quantum-dash 
lasers need to be investigated to see whether or not all quantum-dash lasers exhibit such a 
bandwidth enhancement effect. In the case of the 1600-nm qunatum-well laser, the 
modulation response is ~20 dB weaker at 1530 nm, which indicates that the gain-absorption 
transiton occurs around 65-nm detuning with a small α there. However, since no bandwidth 
enhancement is observed, ψ must be small around 65-nm detuning. There may still be Raman 
scattering in the quantum-well laser, but it may be overwhelmed by gain or absorption 
modulation. 
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Fig. 8. Extracted (a) relaxation frequency fR
2 and (b) damping factor γ of a 1565-nm quantum-

dash laser biased with different currents and optical injection modulated with different 
wavelengths. 

Comparing to classical expressions [14], Eqs. (8) and (9) show that both the relaxation 
frequency fR and the damping factor γ contain an additional term that is dependent on ψ. 
However, Fig. 8 shows that the fR and γ values extracted from the 1565-nm quantum-dash 
laser are only weakly dependent on the injecion wavelength. This confirms that the sharp 
wavelength dependence of bandwith enhancement is mainly due to the last term of Eq. (5). 

The injection-to-Raman gain ratio α/ψ can be calculated according to Eq. (6) by using the 
τR values extracted earlier on the 1620-nm laser and estimated parameter values such as τ’D = 

0.17 ns, τP = 2.8 ps, Г = 0.015 and S0 ≈3 × 10
14

 cm
−3

. Figure 7(b) shows the calculated 

wavelength dependence of α/ψ has a slope of d(α/ψ)/dλ = −6 × 10
6
 s⋅cm

−4
nm

−1
. From this 

value the stimulated Raman gain gR can in turn be estimated by considering the following 
alternative to Eq. (4) [16] 

 
2

R

P I

gdP
G P PP

dz A
= +   (9) 

where P and PI are optical powers of the laser emission and optical injection, respectively, GP 
is the net gain of the laser power, and A is the effective area of the laser waveguide. The last 
terms of Eq. (4) and Eq. (9) are equal because they both describe the stimulated Raman 
scattering. Therefore, 

 
2

2 2

R I R

I I

vg P g v hc
S S

A
ψ

λ
= =   (10) 

where h is Plank’s constant, c is the speed of light, and λ is the injection wavelength. Thus, 

 
2

.
2

R
g v hc

ψ
λ

=   (11) 
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Within the 10-nm region of the transition from gain to absorption for the injected signal, the 
effective gR for the Raman term in the rate equations can be assumed to be constant due to 
broadband laser emission and high-degree quantum confinement. In comparison, near the 
gain-absorption transition wavelength λT, the absorption coefficient α can be assumed to 
depend linearly on λ 

 ( )
T

Bα λ λ= −   (12) 

where B ≈40 cm
−1

/nm according to the gain spectrum [17] measured on the same laser. Thus, 

 
2

2 ( )T

R

B

g v hc

λ λ λα
ψ

−
=   (13) 

and 

 
( )

2

2 ( 2 )
.T

R

d B

d g v hc

α ψ λ λ
λ

−
≈   (14) 

For λ = λT 

 
2

2 ( / )
.

T

T
R

B d
g

dv hc λ λ

λ α ψ
λ =

= −   (15) 

Using Eq. (15), the Raman gain coefficient gR is estimated to be on the order of 10
−8

 m/W. 
This value for InAs quantum dashes is a little higher than the stimulated Raman gain for bulk 
GaP waveguides [18], possibly due to better quantum confinement as has been observed in 
silicon nanocrystals [15]. This value is also much higher than that for silicon waveguides [19]. 

6. Conclusion 

A new bandwidth enhancement mechanism was observed in quantum-dash lasers under 
optical injection modulation when the injected photons are 33 ± 3 meV more energetic than 
the lasing photons. Based on rate equation models, the new mechanism was attributed to the 
coincidence of strong stimulated Raman scattering and weak absorption at the same injection 
wavelength in highly confined quantum structures. The coincidence of stimulated Raman 
scattering and weak absorption sharply enhanced the modulation bandwidth by changing the 
high-frequency roll-off pattern from 1/f 

4
 to 1/f 

2
. The stimulated Raman gain for the present 

InAs quantum dashes was estimated to be on the order of 10
−8

 m/W, which is higher than that 
for either GaP or silicon waveguides. Such a strong stimulated Raman gain may have 
important applications in optical communication and signal processing. 
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