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Abstract—Semiconductor Raman amplifiers are useful for fre-
quency selection in terahertz bandwidth and wavelength division
multiplexing (WDM) systems with terabit capacity, as well as
direct terabit optical communication systems. We have developed
GaP-AlGaP Raman waveguides with micrometer-size cross
sections. We have reduced residual optical loss of the waveguide
by improvement of the fabrication process and realized a low-loss
waveguide that is 10-mm long, which has a continuous wave (CW)
Raman gain of 3.7 dB. Also, the time-gated amplification with
80-ps pulse pumping is performed and 20-dB gain is obtained.
These performances are very suitable for light frequency selection
in terahertz bandwidth and WDM optical communication systems.

Index Terms—GaP, Raman amplifier, Raman laser, semicon-
ductor waveguide, terabit, terahertz bandwidth, wavelength divi-
sion multiplexing (WDM).

I. INTRODUCTION

EMICONDUCTOR Raman lasers and amplifiers are
Spromisi ng devicesfor light frequency selection in terahertz
bandwidth optical communications as well as wavelength
divison multiplexing (WDM) optical communications with
terabit-per-second capacity.

After the first proposal of the semiconductor Raman lasers
for use in optical communication [1], Raman oscillation in
semiconductors was first realized in GaP single crystals [2].
It is noted that spontaneous Raman scattering in GaP was
extensively studied [3], [4]. Also, it is noted that there are fiber
Raman lasers[5] and LiNbO3; Raman lasers[6] useful in optical
communication. The semiconductor waveguide Raman lasers
and amplifierswith a GaP corelayer and AlGaP cladding layers
were developed, which drastically decreased the threshold
pump power [7]. The lowest threshold pump power of the
Raman laser was as low as 50 mW [8], and pumping by alaser
diode with single longitudinal mode was realized [9]. It was
shown that the intensity noise of the Raman laser is reduced
30 dB below that of the pump source [10]. Thisisavery useful
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feature of the semiconductor Raman laser. The mechanism of
noise reduction was shown to be the transmission of the noise
power of the pump light to the second Stokes light, which
stabilizes the first Stokes light power.

At the same time, the Raman amplifier was shown to be ef-
fective for light frequency selection [11].This function will be
useful in terahertz bandwidth optical communication systems
as well asin WDM systems with terabit-per-second capacity.
The selection of a signal light with frequency w, is made by
tuning the pump light frequency w,, to satisfy the relationship
wp = wpr+ws Wherew,, isthelongitudinal optical phonon fre-
quency and w, correspondsto the Stokeslight frequency, which
isto be amplified.

In the case of GaP, the crystallographic direction of the
waveguide is (100), for which stimulated Raman scattering
from the longitudinal optical (L O) phonons with afrequency of
12.12 THz takes place dominantly in the backward direction.
The LO phonon Raman scattering in the forward direction has
been shown to be very weak in a waveguide having a cross
section with micrometer size. This is due to the large wave
momentum components in the transverse directionsin a narrow
waveguide [12], [13].

Thefull-width at half-maximum (FWHM) of the Raman gain
coefficient was measured to be 23.5 GHz. This fact means that
we can discriminate about 40 frequency channels within alight
frequency bandwidth of 1 THz. In our recent paper, it has been
shown that the Raman gain coefficient of GaP is g = 12.3 x
108 Wem—! [12]. This value is about five times that of CS,
and LiNbO;, which were estimated to have the highest Raman
gain coefficients. In our experiment, the highest Raman gain
with continuous wave pumping in a 10-mm-long GaP-AlGaP
waveguide has been 2.57 dB, which is smaller than the Raman
gain expected from the results in shorter waveguides. The most
important element that limits the amplifier gain is the optical
loss caused by various kinds of imperfectionsin the waveguide.
This paper reports on the improvement of the waveguide per-
fection and the increase of CW-pumped Raman gain. Also, we
provide the experimenta results of pumping by pulsed laser
light. Pulse pumping enables the time gate function necessary
for pulse channel selection simultaneously with the wavel ength
selection. The pulse pumping has another benefit that much
higher Raman gain is easily obtained. On the basis of these re-
sults, we discuss the estimation of available highest gain in re-
lation to the waveguide structure, and capability of the semi-
conductor Raman amplifier for channel selection in wide-band
optical communication systems.
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Fig. 1. lllustration of the cross-sectiona view of a Raman amplifier
waveguide.

II. DEVICE STRUCTURE AND FABRICATION

Fig. 1 illustrates the structure of the semiconductor Raman
amplifier. The waveguide is formed in the (100) direction on
a GaP substrate with the (001) surface. The core of the wave-
guide is made of a GaP epitaxial layer and the cladding layers
are made of Al,Ga; _,.P epitaxial layers. The thickness d and
the width w of the core are in the range 0.8 to 2.0 xm, and
1.8 to 3 um, respectively, and the length [ of the waveguide
is 5 to 10 mm. The refractive index of Al,Ga;_,P is given
by n = 3.218 — 0.343z at a wavelength near 1 ym. With
proper selection and the Al composition x in the range of 0.05
to 0.15, sufficient optical confinement in the core region can be
obtained. Although higher modes can propagate in the wave-
guide, only the fundamental modes are actually excited for both
the pump and signal. The input facet of the waveguide is an-
tireflection (AR) coated, whereas the facet at the back end is
high-reflection coated with R = 98%. Both the pump light and
the signal light introduced from the AR-coated front facet are
reflected back at the back facet and taken out from the front
facet. The stimulated LO phonon Raman scattering takes place
mainly in the backward direction in the waveguide.

The fabrication processes are illustrated in Fig. 2. First, five
layers of GaP-Al,.Ga,_,P-GaP-Al ,Ga;_,P-GaP are grown
with the temperature difference method under controlled vapor
pressure (TDM-CVP) liquid phase epitaxy (LPE) [14], [15].
The first GaP layer is a buffer layer for smooth growth of the
first Al,Ga; _,.P cladding layer, the second GaP layer is a core
layer, and the third GaP layer is a buffer layer for the following
regrowth process.

The next process isto form the stripes with photolithography
and reactive ion etching (RIE) using Cly+Ar or PCl; gases.

The third process is to regrow two over layers of
Al,.Ga; ,P-GaP. Findly, the input facet and the back facet of
a waveguide are coated with an AR film and a 98% reflection
film made of SiO, and TiO» multilayers, respectively.

Fig. 3 illustrates the experimental system for CW-pumped
Raman amplification. The pump light beam from a TI—sapphire
ring laser is introduced to the input facet of the Raman ampli-
fier viaan optical isolator and a cubic polarizer. The pump light
wavelength is set at 824 nm. The signal light beam from a dis-
tributed Bragg reflector (DBR) laser diode with a wavelength
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Fig. 2. Fabrication process of the Raman amplifier waveguide.

of 853 nm is also introduced to the input facet of the Raman
amplifier via two optical isolators and the cubic polarizer. The
amplified signal light from the Raman amplifier taken out from
the front facet is introduced to a monochromator via the cubic
polarizer and one of the optical isolators. The output beam from
the monochromator isfed to ap-i-n photodiode. The DBR laser
diode frequency can be continuously swept over 300 GHz by
changing the diode temperature with a Peltier controller. There
is no instability of the laser diode output power and the lasing
frequency during the frequency sweep operation.

Pul se-pumping experiments have also been performed using
a similar optical system. A mode-locked Ti sapphire laser is
used as a pump light source. The pump pulsewidth and repeti-
tion frequency are 80 psand 80 MHz, respectively. A frequency
tunable continuous wave laser diode is used as a signal light
source. The pump and signal light wavelengths are set at 925
and 960 nm, respectively. The photodiode in this system has a
detection bandwidth of 25 GHz.

I11. CHARACTERISTICS OF THE SEMICONDUCTOR RAMAN
AMPLIFIER

Themain optical lossin abulk GaP isthe free carrier absorp-
tion. The free carrier absorption coefficient was measured to be
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Fig. 4. Photocapacitance spectra of RIE-treated GaP for different ratios of
Ar—Cl,.

given by o = 0.05 cm~!N/10'® cm~3, where N is the free
carrier concentration. For the LPE using TDM-CVP method,
we can obtain N < 5 x 10% cm~—3, which corresponds to
a < 0.025 cm~!. However, the waveguide optical loss esti-
mated from the measurement of the finesse of a waveguide is
usualy muchlarger. There arethreeimportant sourcesof theex-
cess optical 1oss, which prevent the high gain operation of long
waveguides. Oneistheincrease of thefree carrier concentration
at the regrowth interfaces. It was made clear that the increaseis
due to the contamination by silicon impurities. Among different
acids for etching solutions, HCI solution has been the best for
the reduction of the silicon contamination [16].

The second source of the optical lossisthe formation of deep
levels caused by the RIE process. Fig. 4 shows the photocapac-
itance spectrum of the RIE-treated GaP with different ratio of
Ar—Cl,, details of which will be described elsewhere. Although
the deep level density decreases with decreasing Ar concentra-
tion, Arisnecessary for directional etching so that we have used
the Ar-Cl, ratio of 1.8. A secondary ion mass spectrometry
(SIMS) measurement has shown that the Cl ion is penetrated
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Fig. 5. Minimum optical losses of various Raman waveguides with different
lengths.

to a depth of about 60 to 100 nm from the surface in the RIE
process. Therefore, the RIE-etched surface has been etched with
H- S0, to remove the damaged layer and then rightly etched by
HCI solution to decrease Si contamination.

The third source is the diffusion of nonstoichiometric point
defects from the substrate GaP single crystals to the epitaxia
layer causing considerable increase of deep level density in the
GaP core layer. The growth of the buffer layer of GaP on the
substrate crystal is effective for the decrease in the deep level
density. Also, the heat treatment of a substrate crystal at 900 °C
to 850 ° C causes an order-of-magnitude decrease in the nonsto-
ichiometric deep levelsin the substrate crystal [17].

The actual optical losses can be obtained by the measure-
ment of the finesses of waveguides [12]. In this measurement,
the front and back facets of a waveguide are uncoated and the
resonance due to the reflections at both facets are measured by
sweeping the signal light frequency viachange of the DBR laser
diode temperature. Fig. 5 shows the measured minimum optical
losses for various lengths of the waveguides. It is seen that the
minimum one-way loss with the improved device processes is
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Fig. 6. Spontaneous Raman scattering spectra from a (100) directional
waveguide for the forward scattering and backward scattering.

about 16%/cm, i.e., 0.76 dB/cm, at least up to the waveguide
length of 10 mm. In terms of the effective absorption coeffi-
cient, it isgiven as .y = 0.17 cm~!. This fact means that the
waveguide length longer than 10 mm has become practical, al-
though this value of a.q isyet larger than a possible minimum
loss due to free carrier absorption.

Before the amplification experiment, the spectral characteris-
tics of the spontaneous Raman scattering from awaveguide has
been measured for both the forward and backward scatterings.
In this measurement, both the front and back facets of a wave-
guide are antireflection-coated. As is compared in Fig. 6, the
observed spontaneous Raman spectrum is mainly composed of
the LO phonon mode for the backward Raman scattering, while
the transverse optical (TO) phonon mode is dominant for the
forward Raman scattering. It should be noted that, for the for-
ward scattering in a narrow waveguide with micrometer size,
the wave momentum of phononsin the transverse directions be-
comes much larger than the wave momentum along the wave-
guide direction. This causes the change from the LO mode to
the TO mode for the forward Raman scattering [12], [13].

Then, after the input facet is AR coated and the back facet
is high-reflection coated, the amplification experiment is per-
formed. The difference of the pump and signal light frequen-
cies is set near the LO phonon frequency, 12.12 THz, by se-
lecting the Ti-sapphire laser wavelength of 824 nm. The wave-
length of the DBR laser diode for the signal light is approx-
imately fixed at 853 nm, but can be swept over 300 GHz by
changing the Peltier-controller temperature. From the sponta-
neous Raman scattering experiment, it is understood that the
backward Raman scattering mainly contributes to the Raman
amplification. Therefore, the signal light propagating in the for-
ward direction interacts with the pump light reflecting back
from the back reflector and vice versa

Fig. 7 shows the gain spectrum around the LO phonon fre-
guency shift for the best stripe with the length of 9.4 mm. The
spectrum is obtained with sweeping the DBR laser diode fre-
quency. The waveguide cross section is ¢ = 3.4 pm’ (w =
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2.8 um,and d = 1.2 um). The maximum amplifier gainisfound
to be 3.7 dB at a CW pump power level of 320 mW.

Fig. 8 compares amplifier gains for various waveguides with
different lengths and different cross sections. The maximum
gain per waveguide length is 4.6 dB/cm, which is obtained
for a waveguide with length of 6.0 mm and a cross section of
2.15 ;zm?. From these results, we can expect afurther improve-
ment in gain. For example, for a waveguide with [ = 15 mm
and ¢ = 2.2 pm?, an amplifier gain of 7 dB can be expected, if
the low-loss nature is maintai ned.

Next, we describe the amplifier characteristics under pulse
pumping. Compared to the CW pumping, pulse pumping has
the merit of acting asatime gate function. Only a selected pulse
channel can be amplified for each of the wavelength channels.
Also, ahigher Raman gain is available for pulse pumping. The
experiment has been performed using a mode-locked Ti—sap-
phire laser. As a signal wave source, wavelength-tunable CW
laser diode has been used. The pump and signal wavelengths
are approximately 925 and 960 nm, respectively. The pump
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pulsewidth measured by the autocorrelation method is 80 ps,
and the pulserepetition rateis 80 MHz. It takes about 150 psfor
around trip of alight wavein a7.2-mm-long GaP-AlGaP wave-
guide. Therefore, the pulsewidth is shorter than the round-trip
time in the waveguide.

Fig. 9 showsthe result of Raman gain measurement. The ob-
served maximum gain is 20 dB at an average pump power of 150
mW. This power corresponds to a pulse peak power of 25 W.
The Raman gain in decibel units showsalinear dependence at a
low pump power level, but becomes nearly proportional to the
square root of the peak pump power at a higher gain exceeding
10 dB. It should be noted that 10-dB amplification can be ob-
tained with an average pump power as low as 25 mW.

When the maximum gain is 20 dB, the FWHM of the gain
band is measured to be about 20 GHz. On the other hand, the
FWHM of the Raman gain coefficient ¢ wasfound to be 24 GHz
in our earlier experiment [11], [12]. The amplifier gain G isde-
scribed as G = exp(2¢1, ). Thevalue of g and its FWHM was
determined by a gain measurement at alow pump power level.
Fromthe FWHM of g, we can expect that the FWHM of theam-
plifier gainat alevel of 20dB is10.1 GHz. That is, the measured
value is two times larger than the expected one. Therefore, itis
thought that the observed gain bandwidth is broadened due to
the spectral bandwidth of the mode-locked pump light. When
the spectral bandwidth of the pump light is larger than that of
the gain expected for a single frequency pumping, an amplifier
gain is expected to be nearly proportional to the square root of
the peak power of pump light. Although a more detailed anal-
ysiswill be described el sawhere, the sublinear behaviorin Fig. 9
can beinterpreted to be the effect of the finite line width of the
pump light due to the mode locking.

The pump power dependence of the Raman gain may be af-
fected by nonlinear absorption. We reported that the nonlinear
absorption in GaP waveguides occurs at wavel ength shorter than
900 nm and nearly linearly increases with decreasing the wave-
length [11]. It should be noted that much stronger nonlinear
absorption has been observed in InP waveguides [18]. In the
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Fig. 10. Raman gain versus CW pump power for a waveguide with a length
of 10 mm and a cross-sectional area of 5 ym?.

present experiment, the pul se pumping experiment has been per-
formed at a pump wavelength of 924 nm, which is longer than
the two-photon absorption edge, so that gain saturation against
pump power due to the nonlinear absorption is not expected.
Actualy, in our earlier experiment using a 1.06-xm YAG laser
pump source with a pulsewidth of 60 ns, which islong enough
compared to the bandwidth of the gain coefficient, linear depen-
dence was confirmed up to again of 10 dB [19].

In contrast, the present CW-pumping experiment has been
performed at a pump wavelength of 824 nm, at which small
nonlinear absorption is expected. Therefore, we have confirmed
the linearity of the CW gain against pump power for one of the
devices, as shown in Fig. 10. As aresult, there is no apparent
evidence of the CW gain saturation that should be caused by
the nonlinear absorption, within a present level of CW pump
power.

IV. DiscussioN AND CONCLUSION

The semiconductor Raman amplifier will be useful for se-
lecting one desired wavelength channel from many channels
extending over terahertz bandwidth, with each subscriber con-
nected by optical fiber network, rather than for demodulating
al of the channelsin the main line. For this purpose, the pump
source must be wavelength tunable. A laser diode, asapossible
pump source, can be wavelength tuned via current [20] or tem-
perature [21], or by using agrating. In any case, the CW Raman
gain should be made higher. It is noted that the Raman gain in
decibel units, G(dB), is proportional to the pump power density
and the waveguide length. Therefore, it is important to further
reduce the waveguide cross-sectional dimensions and increase
the waveguide length, while keeping the minimum optical loss.
It is noted that tapered waveguide structure will be effective to
increase the pump power density [8].

The time gate function will be desired because one wave-
length channel should contain hundreds of pulse channels and
each subscriber needs to select one from them. In the present
experiment, the pump pulsewidth is 80 ps, which is near to that



limited by the gain bandwidth of the GaP waveguide. The pulse
repetition frequency is 80 MHz, which is thought to be enough
high because the experiment corresponds to selection of one
channel with 80 Mb/sfrom 152 pulse channel swithin onewave-
length channel having a capacity of 10 to 25 GHz bandwidth.
Changing pulse channel from one to another can be made by
the phase change of mode locking of the pump laser. We note
that there is a possibility of using a mode-locked laser diode
with wavelength tunable external cavity structure as a pump
source with suitable repetition rate, pulsewidth, and peak inten-
sity enough to obtain high gain exceeding 20 dB [22].

It should be noted that the Raman gain coefficient is expected
to be proportional to the signal light frequency [23]. Therefore,
at asignal light wavelength of 1.5 xm, the Raman gain in decibel
units is thought to reduce by a factor of about 2/3. However,
optical loss due to deep levels will also reduce.

In conclusion, GaP-AlGaP waveguide structure Raman am-
plifier with micrometer size narrow stripe and the length up to
10 mm are investigated. As aresult of reduced optical loss, the
CW Raman gain of 3.7 dB has been obtained. Also, the time-
gated amplification with 80-ps pulse pumping is performed and
20-dB gain is obtained. Such performances are useful in fre-
guency selection using the semiconductor Raman amplifier in
terahertz bandwidth and WDM optical communication systems.
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