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Time-gated Raman amplification in the GaP—AlGaP waveguide is investigated using mode-locked
Ti—sapphire pump source with 80 ps pulse width. Logarithmic Raman gain linearly increases with
increasing the pump power density as long as the gain is less than about 10 dB. However, with
further increasing the pump power it becomes nearly proportional to the square root of the pump
power density. This is due to the fact that the equivalent linewidth of the pump pulse is comparable
to the spectral full width half maximum of the Raman gain coeffici@dt GH2. Another point is

that the amplified pulse broadens as the waveguide length exceeds the optical length corresponding
to the pump pulse width because Raman amplification occurs mainly due to backward scattering.
© 2003 American Institute of Physic§DOI: 10.1063/1.1513870

I. INTRODUCTION as well as the recovery time of population inversion prohibits
high speed gating, although considerable improvement has

Since the proposal to utilize the terahertz lattice vibra- v b hieved b tical iniection i iconduct
tions in compound semiconductors as well as molecular vifecently been achieved by oplical injection in semiconductor

brations to optical communication and spectroscoigman 19Nt amplifiers'? In contrast, time gate function of Raman
scattering in GaP;* Raman laser oscillatioh® and Raman amplification in the semiconductor is determined by the
amplification in GaP have been extensively studied. A pro- 92mping constant” so that time-gated amplification with
posal of utilizing terahertz lattice vibration was also made bySeveral or several tens of picoseconds should be available.

Loudon, although he claimed that a uniaxial crystal was However, little is known about the short pulse Raman
requirec® interaction in semiconductor waveguides. In our previous ar-

Stimulated Raman scattering in semiconductorticle, prelimi_nary experiments have showr_1 tha_tt 80 ps pulse
waveguides has been of interest because frequency selecti?@mping using a mode-locked laser can give time-gated am-
light amplification can be achieved with a pump power levelPlification with a high gain in GaP—AlGaP waveguides.

much less than those for stimulated Raman scattering in bulk ~ This article describes a more detailed study of funda-
materials’® mental properties of the time-gated amplification in the semi-

We have measured the full width half maximum conductor waveguide. It should be noted that the short pulse
(FWHM) of the Raman gain coefficient in GaP-AlGaP wave-of pump light effectively has a frequency width comparable
guide to be 24 GHz, which corresponds to the longitudinalto the FWHM of the Raman gain coefficient. Then, we will
optical (LO) phonon dumping constardt of GaP’ This is  show that the decibel gain no longer linearly depends on the
suitable for light frequency discrimination such as in wave-pump power, but depends on the square root of pump power
length division multiplexingWDM) optical communication if the Raman gain becomes high.
and high sensitivity spectroscopy. Another feature of the Ra- We must also take into account the fact that only the
man amplification in semiconductor waveguides is that timebackward scattering is effective for longitudinal opti¢aD)
gated amplification narrower than several tens of picosecpghonon Raman scattering in a100] directional
onds is available, as has been demonstrated in our recewaveguide’'® We have previously shown that the forward
article!® In other kinds of light amplification like in laser scattering takes place for the transverse optical phonons in-
diodes and Er-doped fiber amplifiers, usually the time constead of LO phonons when the waveguide has a small cross
stant of diode impedance or the lifetime of the excited statgectional area, because the transverse component of the pho-
non momentum increasé$For the backward scattering, the

dAuthor to whom correspondence should be addressed; electronic mai'F.jme gate With is elongated if the WaveQUide Iength is Ia.rger
tanabet@material.tohoku.ac.jp than the spatial length of the pump pulse because the inter-
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FIG. 1. Structure of GaP—AlGaP waveguide Raman amplifier. Frequency Shift (GHz)

FIG. 2. Raman gain profile for a 5.2 mm long waveguide with AR-R coated

: : : o ; acets as a function of frequency shift of the laser diode from the maximum
action time for the backward scattering is increased with thégain frequency. Introduced pump power is 26 il and 11 mW®). The

increase of the waveguide length. dash lines are fitted to the experimental points.

Il. EXPERIMENT
flected pump power was measured via a Faraday rotator and

Figure 1 shows the schematic structure of a GaP-AlGalye seq it as the value of pump light power actually intro-

waveguide for Raman amplification. The waveguides with 3uced into a waveguide. The coupling efficiency is about
heterostructure of a GaP core layer and AlGaP cladding Iay300/0 when we use a focal lens wif= 6.4 mm. The wave-

ers have been formed in tH602) direction on a Gaf100 length of the Ti—sapphire laser for the pump light is approxi-

substrate by the liquid phase epitaxial method with the temFnately fixed at 925 nm. The tunable laser diode wavelength

perature difference method ~under  controlled VapOrean pe changed around 960 nm. The difference of the pump

pressure"**photolithography and reactive ion etching using 5 signal light frequencies is nearly set to the LO phonon
Cl,+Ar or PCL gases. We have fabricated GaP—AlGaP ta‘frequency of GaR12.12 TH2.347

pered waveguides with various size waveguide structures, in

order to obtain sufficiently high gaif?.The lateral width and frequency shif(12.12 TH2 for a stripe with the waveguide
vertical thickness of the waveguide are designatedasid  on4 of 5 2 mm. The gain spectrum is obtained with chang-
d, respectively. The lateral width is photolithographically ing the signal light frequency point by point. The maximum
patterned, so that the length of the laterally tapered region iaain of this sample is 16 dB at an introduced average pump
0.5 mm from the input facet. However, the vertical thicknes ower level of 26 mW(peak pulse power of 4.0 Wand the

is more gradually tapered using natural growth thicknes dB gain bandwidth for pulse pumpinif is 17 GHz.
change of the active layer. Tapered waveguide parameters It is noted that the Raman ga® is given by

(W3.1-d5 3.1-157) are defined as follows. The width at the

input (w;,) is 3 um and the width at the back facew,) is G=expglyl), (1)

narrowed to lum (ws.;). The thickness at the inputl) is  \whereg is the Raman gain coefficient which has FWHM of
2.3 um and the thickness at the back facépdy is 1 um 24 GHZ! 1, is the pump power density in the waveguide and
(d23.9). The total length of the waveguide is 5.7 M3 f), | s the length of the interaction between the pump light and
while the length of the tapered region is about 0.5 mm.  the packward propagating signal, which is twice the wave-
The Raman gain measurements of the waveguides agige length. It was shown that the gain coefficigris ap-

investigated by gsing a mode-locked Ti—sapphire |432b proximately given by the following Lorenz shafé:
nm) as a pump light source. The pump pulse width measured

Figure 2 shows the gain spectrum around LO phonon

by the autocorrelation method is 80 ps and the pulse repeti- 9= 90 @
tion rate is 80 MHz(pulse repetition period of 12.5 hsA 2Af\2%’
wavelength-tunable cw laser diod®60 nmn) is used as a 1+ A_fo

signal light source. Detection of the amplified pulse signal

has been performed using a photodiode with a detectiolvhereAf is the deviation of the signal light frequency from
bandwidth of 25 GHz. the center frequency, andf, is the FWHM of the gain

coefficient(24 GH2. This feature originates from the fact
that FWHM of the gain coefficient is determined by the
lll. RESULTS AND DISCUSSION dumping constant’ of the LO phonons. From the exponen-
For the amplification experiment, the sample is coatedial dependence d& onl,, andg, we can calculate the 3 dB

on the waveguide facets; the input facet is antireflectiorRaman gain bandwidth for single frequency continuous wave
coated and the back facet is high reflection cod#®-R).  pumpingAfgy. As is given by Eq.(A2) in the Appendix,
The signal and pump beams are introduced into the waveA fg, decrease with increasirg. Using this equation) fgo
guide through the AR-coated facet, reflected by the high reshould become 8 GHz at=30 dB corresponding to the ob-
flection mirror and taken out from the input facet. The re-served gain of 17 dB as is described later. However, the
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Peak Power (W) reduced with a ratio £fgo/Af,), or equivalently the gain
0 2 4 6 8 bandwidth products are equal for the cw and pulse pumping
i i " ] cases.
201 o ] From the above equation, it is understood tBHidB)
o6 ] depends on the square root of the pump power when the gain
I5r ab ] is considerably larger than 3 dB. By increasing the pump
A power,Afgo becomes smaller and it becomes 14 GHz at 10
e S = ] dB, which is comparable taf,. Therefore, it is seen th&@
tends to be sublinearly dependent on the pump power when
o G exceeds roughly about 10 dB. Another possible origin of
- ) the sublinear behavior of Raman gain versus pump power is
0 10 20 30 40 50 the nonlinear absorption of pump light due to the two photon
Average Introduced Power (mW) absorption, as was reported for InP wavegui’de!ﬂowever_,
we have shown that the threshold wavelength of nonlinear
FIG. 3. The Raman gains of the tapered waveguides wih-d,31-1s; ~ absorption in GaP is 900 nm, and the absorption gradually
(®) andws.5-dz3.1-157 (A), for pumping with 80 ps pulse. increases with decreasing the pump waveleAgtherefore,
we can assume that the effect of nonlinear absorption can be
neglected in the present experiment.

measured 3 dB bandwidth of the pulse gain spectifig is It shquld be noted that,_in .the case of the narrower stripe
about 17 GHz at an actual maximum gain of 17 dB, as idwaveguide 1, a 20 dB gain is obtained at the introduced
seen in Fig. 2. The reason for this discrepancy is that th@verage pump power of 30 mWpeak power of 4.7 W
mode-locked pump pulse should have a linewidif, Moreover, in the linear dependence region, 10 dB amplifica-
=12.5 GHz corresponding to the pulse width of 80 ps. Thelion can be obtained with the introduced average pump
spectral bandwidth of the pump laser has been actually me&ower as low as 8 mWpeak power of 1.25 W
sured to be 12 GHz using a spectral analyzer, which is a The symbols® and A in Fig. 3 represent the Raman
near-transform-limited linewidth as is expected. This finitegain of the tapered waveguide 1 wity ;-d 5.1-15 7 and the
linewidth of the pump pulse should contribute to the 3 dBtapered waveguide 2 withs_5-d; 5.1-15 7, respectively. The
bandwidth of the gain spectrum at high gain. gain at low power of waveguide 1 is about three times larger
In Fig. 2, it is seen that the light frequency width at than that of waveguide 2. In the case of waveguide 1 the
which the gain reduces to lower than 1 dB is about 40 GHzinternal pump power intensity increases about three times in
Therefore, the actual logarithmic gain does not show a purgwe lateral direction and 2.3 times in the vertical direction,
Lorenzian shape below 1 dB. This should also be due to thihile for waveguide 2, there is little increase in the pump
fact that the short pump pulse has a finite linewidth. Thislight intensity in the lateral direction because the pump beam
effect also appears in the pump power dependence of thHéiameter is about Jum. It is therefore expected that the
gain, as discussed later. internal intensity of waveguide 1 is about three times larger
Figure 3 shows the results of Raman gain measuremeitian that of waveguide 2. Thus, it is shown that the Raman
for two typical waveguides with different parameters of thegain increases for the same introduced pump power by re-
tapered regions. Raman gain in decibel W({IB) shows a ducing the size of the tapered waveguide.
linear dependence at a low introduced pump power level as In comparison with the continuous wave pumping, pulse
is given by Eq.(1), but becomes nearly proportional to the pumping has a merit of time gate function. For example,
square root of the introduced pump power at a higher gaionly a selected pulse channel can be amplified for each of the
exceeding about 10 dB, as is shown by the dashed curves imavelength channels in WDM optical communication. Also
the figure. it will give high gain light amplification for spectroscopic
This sublinear behavior can be interpreted in terms ofdetection of high speed optical phenomena.
the finite linewidth of the mode-locked pump light. When the ~ From the viewpoint of time gate amplification, there is
pump power is increased much higher than the level at whiclan optimum length of the Raman waveguide for a given
the 3 dB bandwidth of the gain becomes comparable to thgulse width. Figure 4 shows that the amplified signal pulse
linewidth of the pump pulsé f,=12.5 GHz, only a part of ~Wwidths linearly increase with increasing waveguide length
the pump pulse power contributes to the gain. In such a casghen the waveguide length is longer than 4 mm. In this
as shown in the AppendixG in decibel units can be roughly experiment, the input signal is a continuous wave. For the 80
described as ps pump pulse the interaction length is about 8 mm, so that a
4 mm long waveguide with AR-R structure is the most suit-
able, taking into account that the backward Raman interac-
tion is dominant:*® This is another limitation for the time
gate amplification other than the finite linewidth of the pump
where Afy is the FWHM of the gain coefficient Xf,  pulse. If the waveguide length is longer than 4 mm, the ob-
=24 GHz), andx is the maximum gain expected for single served signal pulse width will inevitably increase, because
frequency pumping with pump light intensity . This equa- only the backward Raman scattering is effective. For ex-
tion is obtained with an approximation that the pulsed gain isample, it takes about 120 ps for a round trip of a light wave

Gain (dB)

[=

Af

Afp) (3x)Y2 with x=4.34gol I, )

G(dB)%(
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a 3 1/2

N AfBO:(E) Afg, with x=4.34g,lpl. (A2)

=

4=

= 200 ¢ Then, we consider the pulse pumping. The linewidth of

§ ° the pump pulse\f, is smaller than FWHM of the gain co-

2owsop o ® 1 efficient Afy. However, as the pump pulse intenslty is

= [ S increased, the 3 dB gain bandwidifz, becomes smaller

5 loof hd ] thanAf, (i.e.,, Afgg<Af <Afg). Then, as a rough estima-

7 F S ‘ ; tion, we assume that the maximum pulsed gain is reduced

E 50t 1 with a ratio (Afgo/Af,), as follows:

E 0 AfBO

< o 1 2 3 4 5 6 7 8 9 10 InG~g, N Il (A3)
Waveguide Length (mm) p

FIG. 4. Amplified signal pulse widths for various waveguide lengths. instead of IrG=goIpI. This approximation is equivalent to

assume that the gain bandwidth product does not change, i.e.,

. ) . ﬁgolpl) Afgo=(InG) Af,.
in the 5.7 mm long waveguide, so that the observed signal ~ Tnhen, from Egs(A2) and(A3), the signal gain for short
pulse width in Fig. 4 is seen to increase as much. pulse pumping is obtained as

It should be noted that the pulse pumping has another
advantage. Amplifier instability at high gain due to the opti- 7
cal feedback can be avoided because the amplification occurs G(dB)~ (ﬂ) ) (i) ™ (A%)
only for a round trip time of signal light propagation in the Afy) \x=3
waveguide. Also, the center frequency of the amplifier is not

affected by the instantaneous temperature rise due 10 thghen x, the linear maximum gain expected for single fre-
pulse pumping, as well as by the change in the ambient te"h‘uency pumping, is considerably higher than 3 6&dB) is

perature. approximated as
IV. CONCLUSION Afg A
G(dB)~ AT -(3x)12, (A5)
We have investigated the short pulse-gated Raman am- p

plification characteristics of the GaP—AlGaP waveguides. As
long as the Raman gain is less than about 10 dB, the Ioga; o _ o
rithmic gain linearly increases with increasing pump power ,J- Nishizawa, Denshi Kagaki4, 17 (1963; Denshi Gijutu7, 101 (1965.

d itv. H h th . furth 2V. S. Ryazanov, V. S. Gorelik, G. V. Peregudov, M. M. Sushchinskii, and
ensity. However, when the pump power Increases IUurtner, ;o chirkov, Sov. Phys. Solid Stateo, 1508 (1968.

the logarithmic gain tends to increase as the square root ofg, H. weinstein and M. Cardona, Phys. Rev8B2795(1973.
the pump power density. This is because the short pumgB. H. Bairamov, A. Aydinli, I. V. Vodnar, Yu. V. Rud, V. K. Nogoduyko,

pulse has a finite linewidth comparable to the FWHM of the (ad V- V- Toporpv, J. Appl. Physi0, 5564(1978.
. .- . J. Nishizawa and K. Suto, J. Appl. Phy&l, 2429(1980.

Raman gain coefficient. Nevertheless, we have attained they g1 and J. Nishizawa. IEEE J. Quantum Electr@E-19, 1251

pulse-gated Raman gain as high as 20 dB. (1983.
7K. Suto, T. Kimura, T. Saito, and J. Nishizawa, IEE Proc.: Optoelectron.
145, 105(1998.

APPENDIX zR. Lo_udon, Proc. Phys.. Soc. Lond8g, 393(1963. o
T. Saito, K. Suto, T. Kimura, A. Watanabe, and J. Nishizawa, J. Appl.

The 3 dB gain bandwidth\fg, for single frequency  Phys-87 3399(2000.

ing( i in ith i 10T, Tanabe, K. Suto, T. Saito, T. Kimura, Y. Oyama, and J. Nishizawa, Proc.
pumping(continuous wave pumpl giecreases with Increas- IEEE 170, 213 (2001).

ing pump intensityl , as follows. From Eqgs(1) and(2), we k. Suto, T. Saito, T. Kimura, J. Nishizawa, and T. Tanabe, J. Lightwave

obtain Technol.20, 705 (2002.
123, L. Pleumeekers, M. Kauer, K. Dreyer, C. Burrus, A. G. Dentai, S.
Jo Shunk, J. Leuthold, and C. H. Joyner, IEEE Photonics Technol. L4tt.
1010gGsignar=4-34 INGsigna=—5 y 772 X 4-34 8l 12 (2002.
1+ 137, Saito, K. Suto, J. Nishizawa, and M. Kawasaki, J. Appl. PBgs1831
Afg (2002).
(A1) 143, Nishizawa and Y. Okuno, IEEE Trans. Electron Devi&d22, 716
_ . (1975.
where Af is the frequency shift from the center frequency.°k. Suto, T. Kimura, S. Ogasawara, and J. Nishizawa, J. Cryst. Gragth
Here, 10logGginge Should becomex-3 at Af=Afqg/2, 297 (1990.

. . . . 16 . . _
wherex=4.34g,| p| is the maximum decibel gain af=0 K. Suto, T. Kimura, and J. Nishizawa, IEE Proc.: Optoelectt 113

_for single frequen(?y pumping. Inserting these parameters'p van Thourhout, C. R. Doerr, C. H. Joyner, and J. L. Pleumeekers, IEEE
into Eq. (A1), Afgg is given by Photonics Technol. Letfl3, 457 (2001).

Downloaded 13 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



