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Evidence for self-mode-locking in  p-Ge laser emission
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(Received 8 June 1998; accepted for publication 21 Septembe) 1998

Investigations of the dynamics of the far-infrarpdGe laser emission reveal strong periodic
soliton-like intensity spikes with less than 100 ps duration. We interpret these spikes as
self-mode-locking ofp-Ge laser modes. The effect becomes more pronounced when a GaAs/
AlGaAs/InGaAs quantum well structure on a semi-insulating GaAs substrate is inserted into the
laser cavity. ©1998 American Institute of PhysidsS0003-695(98)01647-1

Far-infraredp-Ge lasers operate in the spectral rangepeaked temporal structure due to some coincidental phase
50—140 cm?. Their mechanism of stimulated emission is relation is much more unlikely.
based on direct optical transitions between light and heavy In this letter the first evidence for self-mode locking in
hole valence subbands in bufkGe [Fig. 1(a@] in strong the high frequency region of the-Ge laser is reported, ap-
crossed electric and magnetic fielfBig. 1(b)] when the Pearing as a clear nonlinear effect at the peaks of a slowly
crystal is cooled to liquid helium temperatures. The popu|a_oscillating laser intensity. As a result, a train of radiation
tion inversion builds up for certain ratios of electric and SPikes shorter than 100 ps is generated without active gain
magnetic fields, where light holes are accumulated on closeffiodulation or added passive elements. s s
trajectories below the optical phonon energy, while heavy The_ active Ga-doped Ge crystih=7x 10" cm * has
holes experience strong optical phonon scattering. The gai(rj1ImenSIons 4.87.3x28.0 mnt. The crystal ends were pol-

. ) - .~ ished flat and parallel to each other within 1 min accuracy,
spectrum is very broad because lasing transitions lie in a

. ) . and two external copper mirrors were attached to them insu-
wide range of hole momentdig. 1(a)]. Far-infrared laser PP

o : . lated from the Ge and the aluminum contacts with 2@
emission with a fewus pulse durations and peak powers of

i JdFi teflon film [Fig. 1(b)]. The crystal is cooled by immersion in
1-10 Watt are widely reportedFigure 2 shows the laser jiq,id helium at 4 K. Electric field pulse€ us) are applied

operating zone of applie& and B fields, which splits into along[110] via ohmic contacts covering the 4®28.0 mn?
low and high field regions. These correspond to low and highyrfaces of the sample. The magnetic field is applied along
frequency Iaser emission, respectively. o [1TO] in Faraday geometry. The laser radiation propagates
e a9 1 ong crysial aXELID. i conducted bt of e
o4 ; . . cryostat, is detected after a teflon lens with a fast whisker-
by means of active or passive mode-locking for time- s cted Schottky diodd T17(82), University of Virginial,
resolved(linear and nonlinearTHz spectroscopy and other amplified with a 10 GHz bandwidth amplifi¢Picosecond
related applications. In Refs. 2-4 200 ps pulsespeBe  py|se Labs 5840and recorded on a transient digitiz@iek-

laser radiation with a considerable power have been obtainegonix SCD5000 with 80 ps resolution. Spectroscopy was
by active mode locking, when the gain is externally modu-

lated at the laser cavity roundtrip frequency. Without active
mode locking, the laser still might have a strongly varying E Optical phonon E

scattering -

intensity, periodic with the roundtrip time of the laser * 5

cavity>® which results from modes being accidentally in Eop[
phase to some extent. For the low frequency part of the lase
spectrum, which is split into several discrete lines containing heavy hole
only 10 to 20 longitudinal mode@ig. 3), such coincidences streaming

are likely, especially in the rising edge of the laser pulse, and /
this has been interpreted in Ref. 3 as self-mode-locking. IN(a) (’[))
the high frequency part of the spectrum, hundreds of modes

oscillate simultaneously with random phases, and a sharpl§!G. 1. (a) Pumping mechanism of the-Ge laser.(b) Laser cavity con-
struction. The black strips indicate Al coated lateral sides, with wires
indium-soldered to them. The cylindrical end pieces are Cu mirrors, insu-
3Electronic mail: rep@physics.ucf.edu lated from the crystal with 2@m teflon film.

0003-6951/98/73(21)/3037/3/$15.00 3037 © 1998 American Institute of Physics
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FIG. 2. Typical E,B) field regions for low- and high-frequency operation g
of the p-Ge laser. ~
2z
performed with a research grade Fourier transform infrared £ o4 S — s %
(FTIR) spectrometefBomem DA§ using “event-locked” = 1of - Time (n8) T
gated-acquisition electronftéZaubertek ‘§ 10
The p-Ge laser spectrum without intracavity frequency g v
selection is 15—30 cit broad and tunable between 50 and i ‘
140 cm* by changing the applied fieldsin the high- [ 08
frequency region(Fig. 2), this spectrum can contain a few 2
hundred longitudinal laser modes, but in the low-frequency h a7

8 32
region below 70 cm?!, the spectrum is split into discrete Time (ns)
lines related to shallow impurity transitiohg'he broadest of pig. 4. (a) Laser output pulse showing 44 MHz oscillatiofis) A different
the low frequency laser emission lines is shown in Fig. 3.shot at higher time resolution showing sharp spikes at the crests of the 44
This is the first broadband Spectral measuremenp_(ﬁe MHz c_;scillations.(c) a_nd(d)_Further close-ups C(b) show that the UneV_en'
laser output with resolution high enough to resolve the '0”'2:;2:2;2? ;‘ESKPZ?RZE;ﬁ evidently a sampling effect, where points are
gitudinal mode structure. The observed equidistant mode
spacingAv in Fig. 3 (in Hz) is related to the longitudinal = _ _ )
round-trip time 7 by Av=1/r=c/2nsd = 1363 MHz, orr indicated by circles. The unevenness in the rise of self-mode
—734 ps, wherelL is the active crystal length, andge locking in Fig. 4c) is clearly a §ampling effect. The points
—3.925 is the refractive index. The corresponding mode?® Separated by S0 ps, showing that the self-mode-locked
beating pattern could easily display strong oscillations of thdulSes have a width less than the 80 ps rise time allowed by
laser intensity at the round-trip frequenay, simply by hav- the bandwidth of the electronics. These are the shortest

: -4

ing the phases of each mode accidentally similar. In the higRulSes yet observed frop-Ge Ias_er§.
field region, however, such coincidences and strong oscilla- Additionally, we have investigated the temporal behav-
tions are much less likely. ior of emitted radiation from thip-Ge laser when a GaAs/

Figure 4 shows digitally captured traces of the outputAIGaAs/InGaAs qt_Jantum_ well structure on a semi-insulating
intensity of this particular crystal in the high field region at G@AS substrate with a thickness of 0.5 mm and parallel pol-
three different time scales. The output intensity is stronglyShed surfaces is inserted into the cavity between the active
modulated at about 44 MHEFig. 4a)]. These oscillations crystal and the back mirror. The short radiation spikes be-
are much slower than the cavity round-trip frequency ofc0mMe much more pronounced and repeatable. This is shown
1363 MHz. At a higher temporal resolution, trains of very in Fig. 5. The inset shows anothgr shot at a finer timescale.
sharp spikes are found on the maxima of the slow intensity "€ %uanftém well struct+ure consists of 40 rmr’ﬁ-8GaA§3(n
oscillations[Fig. 4(b)]. Such spikes are absent from the 44>10" cm), 40 nm n"-Alg,Gg 76AS (n>10' cm™9),
MHz valleys and they start to grow rapidly as the intensity1® "Mi-INo.16Ga gAS, and 100 nni-GaAs layers on top of
increases. The round trip time for the sharp spikes is 722 p& GaAs substrate.
which is close to the calculated cavity round-trip time of 734

ps. We take the occurrence of the sharp spikes to be evidence 0.8 ' v »
for self-mode-locking. Figures(d) and 4d) show close-ups 5 |
of portions of the trace in Fig.(8). Sampled data points are Z o5t soa il
5 s
g g
6 T T T r 3 04t T 9, 1 2 3 4
—_ - Time (ns)
L 0.045 cm” 0.04 cm™ s
‘::, mode spacing resolution é 03k
_e' —_
8
= o2f . . . .
2 0 10 20 30 40 50
@ 2 ! . ! ! Time (ns)
54.0 54.5 55.0 55.5
Frequency (cm™) FIG. 5. Output of the self-mode-lockeat Ge laser with quantum well int-

racavity insert. Upon blocking the radiation, the signal drops to a baseline of
FIG. 3. Close-up of one of the spectral lines in the low-field regime showingabout 0.05, so the peaks occur on a constant background of about equal
longitudinal mode structure. intensity. The inset shows a different shot with higher time resolution.
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Thus these experiments demonstrate self-generation efhen the laser is actively mode locked with a sufficiently
intense spikes as short as 80 ps in the far-infrgr&@e laser, strong rf field. However, to the extent that this background is
which is shorter than obtained so far by active modedue to unlocked, or spatially separat@dternal reflection
locking?~* We take this result as tentative evidence for self-modes, it can possibly be removed by bringing these modes
mode-locking. Strong slow intensity oscillations seem tobelow threshold with an optimized resonator design. Also,
provide the conditions for buildup of these spikes. The ex-hybrid mode-locking schemes, where active and passive
perimental data are not yet conclusive with respect to thenode locking are combined, could yield the advantages of
origin of either the slow oscillations or the short pulse for- both schemes: short pulses with low jitter and background.
mation. Various possibilities are discussed here briefly. ~ The rapid rise in pulse intensity suggests that pulse ampli-

The most straightforward explanation for the 44 MHz tude modulation telemetry with a mode-locked pulse train of
oscillation is beating of transverse moflesd this was in  THz laser radiation may be possible, although it remains
fact suggested in Ref. 9 to explain weak 50 MHz oscillationsunclear how to control such modulation. Potential applica-
in the output of gp-Ge laser. The observed synchronizationtions might include secure, local area communication by
of spike generation to the rise in intensity might, however,THz beams or longer range communication in spdce.
suggest that actual modulation of the gain occurs at this low ) i
frequency, and peaks grow during a period of net gain and __11iS Work is supported by NSKECS-953193B and

disappear when losses are dominant. The observed train Of O©SR/BMDO (F49620-97-1-0434 Coauthors from IPM

spikes corresponds to the formation of a soliton-like electrotn@nk Russian Foundation for Basic Resedf+02-1927%

magnetic pulse traveling in the laser cavity. Since the activd®r Support of this work.
p-Ge laser crystal is a hot carrier system interacting with a
high-intensity radiative field and operating in a strongly non- *Opt. Quantum Electronicsedited by E. Gornik and A. A. Andronov
linear regime in many aspects, several possible mechanism%Chapman and Hall, London, 199WVol. 23, Special Issue Far-infrared

' . . emiconductor Lasers.
can be_ suggeste_d f_or self-mode Iocklng._ First of all, thez; "N Hovenier, A. V. Muravjov, S. G. Paviov, V. N. Shastin, R. C.
population inversion in part of the crystal might be destroyed strijoos, and W. Th. Wenckebach, Appl. Phys. L&t, 443(1997.
due to the inhomogeneity of doping and/or inhomogeneity of °J. N. Hovenier, T. O. Klaassen, W. Th. Wenckebach, A. V. Muravjov, S.
the electric field. This part could then act as a saturable ab,C: Paviov. and V. N. Shastin, Appl. Phys. Let2, 1140(1998. -

. . . A. V. Muravjov, R. C. Strijpbos, C. J. Fredricksen, H. Weidner, W.
sorber causing passive mode locking. The_ observed ?nhanceTrimble, A. Jamison, S. G. Pavlov, V. N. Shastin, and R. E. Peale, in
ment upon including a nonlinearly absorbing spacer into the Proceedings of Workshop on Radiative Processes and Dephasing in Semi-

p g y gsp
Cavity seems to Support such an interpretation_ However' theCOﬂdUCtOfS, February24, 1998, Coeur d’Alene, Idah®@SA-TOPS, Vol.

S o . . 18 edited by D. CitroOSA, Washington DC, 1998pp. 102—-107.
observed rapid rise in spike intensity remains somewhat Surs, "\, Muraviov, R. C. Strijbos, C. J. Fredricksen, H. Weidner, W.

prising, considering the supposed low gain of the medium, Trimble, A. Jamison, S. G. Pavlov, V. N. Shastin, and R. E. Peale, in
and this might suggest other mechanisms such as solitonConference on Lasers and Electro-Optid998 OSA Technical Digest

mode locking due to nonlinear changes of the refractive in- Series, Vol. 6(Optical Society of America, Washington DC, 1998p.
: : . 132-133,
dex. Unfortunately, the magnitude of these index changes i \yeidner and R. E. Peale, Appl. Spectrdst, 1106(1997, Zaubertek,

p-Ge laser systems has been studied little so far, althoughinc., 1007 Silcox Branch Circle, Oviedo, FL 32765.
the suggested strongly nonlinear birefringence caused bys. V. Demihovsky, A. V. Murav'ev, S. G. Pavlov, and V. N. Shastin,
Faraday rotatiol? and slightly different index for higher- ,Semicond. Sci. Technok, B622(1992. _ .
; . A. E. Siegmanlasers(University Science Books, Mill Valley, California,

order transverse modésnight turn out to be important fac- 1986,
tors for the generation of tempotalor spatial optical soli-  9A. v. Bespalov, Appl. Phys. Let66, 2703(1995.
tons, respectively? Clearly, further experimental and '°S. Komiyama, S. Kuroda, and T. Yamamoto, J. Appl. P8&. 3552
theoretical studies are necessary to clarify this issue. 11g9\?v?;‘bnitz E. Westin, R. Frey, and C. Flytzanis, J. Opt. Soc. Afi3B

The passive way of obtaining picosecond far-infrared ;450(1906. T ' T
pulses from ap-Ge laser is much simpler than the active 2Compact Sources of Ultrashort Pulses, Cambridge Studies in Modern
mode-locking scheme, which involves high-power radio fre- Optics edited by I. N. Duling Ill (Cambridge University Press, Cam-
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