EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Regenerative pulsations in semiconductor etalon due to
competition between carrier generation and heating effects on
band filling

Citation for published version (APA):

Tolstikhin, V. I., Grigoryants, A. V., & Roer, van de, T. G. (1997). Regenerative pulsations in semiconductor
etalon due to competition between carrier generation and heating effects on band filling. Journal of Applied
Physics, 82(5), 2023-2030. https://doi.org/10.1063/1.366099

DOI:
10.1063/1.366099

Document status and date:
Published: 01/01/1997

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://doi.org/10.1063/1.366099
https://doi.org/10.1063/1.366099
https://research.tue.nl/en/publications/ffe14e19-dd12-4778-ab11-e979fc5c3a9d

Regenerative pulsations in semiconductor etalon due to competition
between carrier generation and heating effects on band filling

Valery I. Tolstikhin®
Faculty of Electrical Engineering, Telecommunication Technology and Electromagnetics,
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Alexander V. Grigor'yants
Institute of Radio Engineering and Electronics of the Russian Academy of Sciences, 11 Mokhovaya,
103907 Moscow, Russia

Theo G. van de Roer
Faculty of Electrical Engineering, Telecommunication Technology and Electromagnetics, Eindhoven
University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

(Received 2 December 1996; accepted for publication 27 May)1997

Competition between carrier concentration and effective temperature effects on the dielectric
function of a degenerate semiconductor in a spectral range near its fundamental absorption edge is
suggested as a mechanism for regenerative pulsations in a stationary pumped optical etalon. The
origin of self-pulsations is similar to that in a bistable etalon with competing concentration and
thermal optical nonlinearities, but, due to its purely electronic nature, the proposed mechanism
provides a way for a much higher repetition frequency, probably in the GHz range. The model of
the phenomenon and modeling examples are all related to a Fabry—Perot resonator filled with the
bulk n*- Ing 54Ga&, 47AS as an active medium. @997 American Institute of Physics.
[S0021-897€07)02817-X

I. INTRODUCTION that the slow thermal ON is replaced by a faster one. Here,
carrier heating combined with carrier generation under the
It is well known, that a stationary pumped optical band filling conditions are suggested as alternative pair of the
bistable device can be made to pulsate, provided its overaompetingpurely electronicmechanisms of ON, assuming
optical nonlinearity (ON) results from two competing that carrier cooling is a much faster process than carrier re-
mechanisms with considerably different time-constams.  combination. The frequency of self-pulsations is then deter-
though this is quite a common phenomenon, not restricted bynined by the carrier lifetime which provides a way for in-
any particular type of device nor mechanism of ON, mostcreasing it toward the GHz range.
foregoing studie$;” including ours’™’ refer to a semicon-
dugtpr etalon with electrqnlc and thermal dispersive nor.1I|'n—”_ MODEL OF A SEMICONDUCTOR ETALON
earities. In that case, carrier concentration, due to band filling
in a narrow band gap semiconductor like IiShor weak- Bearing in mind the prospects of the future utilization,
ening of free-exciton resonance in a wide band gap semicorconsider the epitaxial Fabry—Perot resonator formed by a
ductor like GaA<* and lattice temperature both effect the heavily dopedn™IngsdGa, 4/As layer grown on a quarter-
near absorption edge refractive index, but in opposite manwave stack of alternative SO Si layers, as a dielectric bot-
ners. The former plays the role of the fast variable respontom mirror!® With the upper surface of a semiconductor
sible for optical bistability, while slow variation of the latter layer or another quarter-wave stack as a top mirror, the de-
prevents either state from being stable, that ultimately resultgice operates in a reflection mofigee insertion in Fig.®)].
in the regenerative oscillations. An ability of such a systemLet this semiconductor etalon be stationary and uniformly
to selfpulsate has been shown experimentaflyn particu- pumped with a monochromatic radiation at a frequency
lar, monostable pulse generation and multiple oscillatorycorresponding to interband transitions into the states below
mode regime in a stationary pumped InSb etalon have beeihe Fermi level, assumed to be well above the bottom of the
observed:” The characteristic frequency of the regenerativeconduction band. Light absorption results from the direct in-
oscillations, limited by a relaxation of the slower variable, in terband and indiredimpurity, carrier, and phonon assistant
a semiconductor etalon with the competing electronic andntraband transitions, which effect both the concentration and
thermal nonlinearities, is determined by the lattice coolingenergy distribution of the charge carriers. Since the interband
time and usually lies in a range below 1 MHz. In fact, theseabsorption is reduced by the band filling, optical generation
are too low frequencies for application in all-optical clock is relatively weak and, hence, the electron concentrahbign,
system$ pulse generatorsSetc. Increase of the frequency does not differ significantly from its dark value, equal to the
within the same scheme of regenerative oscillations requiregoncentration of donord\,, while the hole concentration,
N;, is low as compared to these two. High concentration of

30n leave from the Institute of Radio Engineering and Electronics of thefree carriers assures quasineutrality, i, No, andN, are

Russian Academy of Sciences, 11 Mokhovaya, 103907 Moscow, Russi&_onnected by the_ equatiohte=Ng + Nj. Also due_ to the
Electronic mail: v.i.tolstikhin@ele.tue.nl high concentration, electrons can be considered as
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thermalized on all the actual time scales and so their energy  dw, dN, dT.

distribution is characterized by the effective temperatiie, ar  YrTegr t¥wNegr 3
different from the crystal temperatureT,, assumed

constant! Heavy holes, contrary to light electrons, are sup-where

posed to be in the equilibrium with the crystal lattice and _

they are described by the temperatlige Distribution of N}, Yr=1.5P 1)/ P -yl ée)
and T, along the axis of the vertical cavity is nearly homo- and
geneous, provided damping of the light beam in a single pass
through the semiconductor layer is weak, while the hole dif-  ¥N=1.5 [2.3P 3 &)/ Py &e) — 7]

fusion and electron thermal conductivity lengths both areFor the direct interband transitions, taking into account free-
long compared to the period of a standing lightwave. Wecarrier screening of the Coulomb interaction and considering
assume these conditions are met. Moreover, in this article wenly the spectral range aboeg/h, excitonic effects are ne-
restrict ourselves by considering only the homogeneous digjlected and the absorption coefficient, is then given by a
tributions also in the plane of the semiconductor layer, leavsingle-particle approximation:

ing the transversal effeét3to an additional study. Then, the
description of the semiconductor etalon is reduced to the
following two rate equations:

€ 1/2
2 [1-fo(ed)—frlen)]. (4

g
_ 29
ho 1

how

o= Acy

Here, A.,, is a normalization constant, proportional

?:awnﬁl_iJrG_R, ) to the squared matrix element of momentufi(e;)=[1
t w ﬂLexp(‘aJ-TJ-—gj)]'1 is the occupation probability for electrdn
j=e) and hole (j=h) states at the energye;
dW, 7l | (pen/m) (A ), wh ' h is the effectiv
e [ = m)(hw—ey), Wwherem;, j = e,h is the effective
——=(agAg,+aAd)s—+Q—P. 2 Ken! T 9 j
dt (ac,Aeytac C)hw Q @ mass of electron or heavy hole apgd,=(1/m, + 1/my)is

the reduced effective mass of the electron-hole pair. The en-

Here, W, is the density of electron energg,., anda. are  ergy A, in Eq. (2) is then equal to the energy of photoge-
the coefficients of the interband and int@nduction band  nerated electrons;.
absorption, A, and A. are the characteristic energies  Regarding the indirect intraband transitions, their contri-
yielded in the electron gas as a result of a single event of thBution to the optical absorption, as computed by the second-
interband and intraband absorptiom;is the ratio of the in-  order perturbation theory, is a result of summation over the
ternal light intensity, averaged over the cavity, to the intentelevant mechanisms of electron scattering. By taking into
sity of incident radiation};; G, andQ are the carrier and account the impurity, heavy hole and LO-phonon scattering,
energy generation rates apart from the optical puRn@ndP  the coefficient of intraband absorption can be written down
are the rates of hole recombination and electron energy rexg?13
laxation, respectively. Generally, stimulated emission in a
spectral range below but abovee /%, wheree; is the band N :xc(Te)fx duu
gap of a semiconductor material, also can contribute to the ¢ V2w Jo (u+ug)?
rates of change in the carrier concentration and density of —
energy, provided the inversion of carrier population, caused n 1+exféet o—(u+du /2]
by the optical pump, results in a gain of the resonator modes 1+exd &~ 6—(u+6°u™hH/2]
that compensates their radiation losses. However, assuming 112 12
the cavity length as reasonably short and hence the radiation (07 0100" ). ©
losses as too high, in the present study we neglect stimulatddere,us is a parameter that accounts for free-carrier screen-
emission effects. ing; 8=Awl/2Ty; 0,<Ng(hw)™? and o o (hw)>? are the

All the values in Eqs(1) and(2), except withl;, should characteristic absorption cross-sections related to the
be expressed in terms df, (N) andT,. This requires that impurity—heavy hole and LO-phonon contributions, respec-
certain assumptions are made with respect to the band strutively. In the limit of a high optical frequency and strong
ture, light-carrier interaction, and charge carrier relaxatiordegeneracygs > ¢.>1 and 6>ug, Eq. (5) reduces toa,
processes. =(o,+too)Ne. The total absorption coefficient=c.,

For the band structure, a simple two parabolic band+ a. is given by the sum of expressiori4) and (5). The
model that accounts only for the centilaivalley electrons latter is written down within an accuracy 6/ w<< 1, where
and heavy holes is used throughout. Thus, the electron deff} is the LO phonon frequency, which allows one to assume
sity of energy is determined B/, = 1.5T X D3 &:), where  A.~fw in Eq. (2).
R¢(Te) is the temperature-dependent density of states in the Due to a strong frequency dispersion, in the spectral
conduction band®,, is the Fermi—Dirac integral of the range near the fundamental absorption band, any variations
order 3/2, anc, is the electron chemical potential, normal- of « are reflected in the variations of the refractive inaex
ized to the effective temperaturé,, hereafter measured in and a corresponding change in the propagation consgant,

the energy units.&, is related toN, and T, as N,  =nw/c. So far as in our model the absorption coefficient is a
=NRc(To)P10(€.). By using this equation, the derivative function of the carrier concentrations and effective tempera-
dW,/dt is expressed as ture and does not depend on the optical field directly, the
2024 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Tolstikhin, Grigor'yants, and van de Roer
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conventional Kramers—Kronig transformation can be used tavhere the last term, witimy as the lattice refractive index,
connect variations of8 and «, produced by change in takes into account the plasma effect.

Np,Ne, andTe: Concerning the description of the radiation inside the
T (~ do' cavity, by assuming the inequalitiesl<1< Bd, whered is
MIZPJO m[a((v',Nh Ne,Te) the thickness of the semiconductor layer, we use the mean
field approximation which results in the following relation-
27e’N, ships for the earlier introduced parameter, and the net

—a(w’,O,NO,TO)]— (6)

NoMen@C’ reflectivity of the etalonp:1*

[exp(ad/2) + ppexp(— ad/2)](1—p;)

= : ()
7 [expadi2)— Vpupoexpl — adl2) 2+ 4 pippsi?( o+ 0Bd)
I Vpexp( ad/2) — Vppexp( — adl2) 12+ 4\/p,ppsirt( o+ 58d) @
7™ [exp(ad/2) — Jpippexp(— adi2) P+ 4\pypySiE(do+ 0Bd)
|
where ¢q is the initial (dark phase, considered as a given /X0 Q|12 < duu
parameterp, andp,, are the reflection coefficients of the top P=——(fae = fao)| 57| Nec(Te) jo uru?
and bottom mirrors, respectively. o € S
Generation apart from the optical pump, which in fact is fo(eq)| vap
the thermal generation, plays no role in a heavily doped XInl 1+ I P (10

semiconductor and, therefore, it is ignored; i.&=0. ) o . ]

Among the possible recombination mechanisms, the mod#€re. 7o is the characteristic relaxation timefg .
important in a narrow band gap semiconductor like InGaAs=[EXPEUT) =117, fo o=[expEQ/To)—1]"", andfe(en)

with a very high concentration of electrons and relatively = [XPEq ITe—&)+1T, wheresq =20 (u+ 1)% 4u; voe _
low concentration of holes, is the CHCC Auger process ir@"dvqp are the LO-phonon emission and decay frequencies,
which two electrons and one heavy hole are involved, with d&SPectively, the former defined as

recombination rate given by :i T, anlq, fo(eq) 1
VaE ) ZfLQ f()e
Do) T and the latter assumed constant, i.e., independent of the pa-
R~C 22 SN2, (9)  rameters of the electron gas.
Py €e) To Finally, Egs.(1)—(11) provide the fully self-contained

description of the optically pumped semiconductor etalon.
The relevant numerical parameters of the band structure and
where C is the characteristic constant, normalized to thecarrier-phonon—photon interactions, used in the further mod-
equilibrium temperature. Every event of the CHCC Augereling, all correspond to the bulik*-Ing sdGa, 47As and they
recombination results in a rise of the energy of the electromre taken from Refs. 16 and 20. In Secs. llI-V, the suggested
gas amounting to the band gap energy, This process is mechanism for competing electronic nonlinearities, fast op-
considered here as the only mechanism for energy generatiaigal bistability and regenerative oscillations in the semicon-
apart from the optical pump and, hen€@se4R. ductor etalon are discussed on the basis of this model.
The last thing to be defined with respect to E{3.and
(2) is the rate of the electron energy relaxatiéh, It is as-
sumed to be caused mostly by the inelastic LO-phonon sca
tering that is typical for the polar Ill-V semiconductdfs. Under the assumed excitation condition, ON of a semi-
Then, as is clear from the experimental datnd theoretical  conductor medium results from a dependence of its dielectric
studies'® including ours'® nonequilibrium phonon effects function on the carrier concentration and effective tempera-
play an important role in cooling of the high-density electronture, which two are subject to change with a variation of the
gas. This is due to the intensive generation of LO-phononsptical field. This is the parametrical kind of nonlinearity,
by hot electrons, which disturbs the equilibrium phonon dis-since it is seen only through the change of the parameters of
tribution and ultimately results in a relaxation of the coupledthe medium,N,(N.) and T, [further, N,(N¢)- and T,- re-
hot electron-LO-phonon system as a single whole. On a timéated ONs are referred as the concentration and temperature
scale longer than the LO-phonon spontaneous emission timapnlinearities, respectively
around 0.1-0.2 ps, the energy relaxation rate, which takes The computed spectra of the change in the inter-
into account both the free-carrier screening and phonon norband absorption coefficient, S, = a¢,(®,N;,Ng, Te)
equilibrium effects, i& —a¢,(w,0,Ng,Tp), and related change in the propagation

lll. MECHANISM OF COMPETING NONLINEARITIES
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FIG. 1. Spectra of the change (ia) interband absorption coefficient afig)

related carrier contribution to the propagation constant in the bulkFIG. 2. Change in the interband absorption coefficigslid lineg and
n"-Iny s§Ga, 4AS, both caused by the variations of the electron effective related carrier contribution to the propagation constdashed linesin the
temperature and holéelectron concentration referred to the dark state: bulk n*-Iny s{Ga, 47As, referred to the dark stat®=0, No=Ng, andT.=
Nh=0, Ne=Ng, andT.=Tj. To), as the functions ofa) electron temperature arid) hole concentration.

constant,6B,, caused by the variations of,(N¢) and T,

are shown in Fig. 1. As is seen from the plots, the carrier

concentration and temperature influences upon botidghg ~ according to the Kramers—Kronig transformatié®). The

and 8., are completely different; that is attributed to the computed temperature and concentration dependencies of the
opposite effects oN,,(N,) and T, on the band filling?* Ac- dag, and 6B, under the Burstein—Moss effect conditions
tually, the interband absorption in a degenerate semiconduére given in Fig. 2. It is seen that a reasonable growth of the
tor in a spectral region corresponding to the direct transitionglectron temperature is capable of drastically increasing the
below the Fermi level is reduced by the band filling, which isinterband absorption, initially almost completely suppressed
known as a Burstein—Moss effééIncrease of the carrier by the band filling, which also results in a considerable rise
concentration enhances the band filling and, hence, reduce$ the propagation constafifig. 2a)]. At the same time, a
the interband absorption furthgtashed line in Fig. @]. In  relatively small increase of the carrier concentration provides
contrast, a rise of the carrier temperature suppresses the baadvay for a nearly linear decrease of both the interband ab-
filling, via a redistribution of the electrons toward the higher sorption coefficient and propagation constgfig. 2b)].

energy states, resulting in increasedad, below the Fermi In the optically pumped semiconductor etalon, eitfigr
level and decrease of;, above the Fermi levgkolid linein ~ andNy(N.) are increased due to the light-carrier interaction
Fig. 1(@)]. Corresponding changes in the propagation conwithin the cavity. So, optical heating is caused by a release
stant[given in Fig. 1b) also in dashed and solid lingfist  of a certain energy as a result of every event of the interband
reflect the changes in the interband absorption coefficientr intraband absorption, which is accounted by the

2026 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Tolstikhin, Grigor'yants, and van de Roer
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first term on the right-hand side of E¢R). Generally, the '
interband absorption is a process much more probable thar 195 | g=6um
the intraband absorption, since the latter is the second-orde p;=0.66

1 (a)

indirect (impurity or phonon assistanprocess. However, 180 1 p,=1
under the Burstein—Moss effect conditions, the interband ab- 165 | ¢y =-15"
sorption is reduced and, therefore, the intraband absorptior ho = 950 meV
can dominate, especially in the carrier heatjafso, this is 150 |

due to the fact thaA .~% w is a considerably higher energy
than Ay, ~ (pen/Me) (Aw—eg): assumingfiw= 950 meV,
one getsA.,/A.= 0.2 in a case of the jxGa 4AS]. If,
then, the temperature mechanism of nonlinearity prevails anc
it is explained as follows: The relatively weak intraband ab-
sorption heats up the electron gas and, therefore, suppresst
the band filling, which eventually results in a switching on 00 |
the much stronger interband absorption, and hence, a drasti
rise of the total absorption coefficienty=a .+ ag, .12 : : ‘ ‘ ‘ :
Such an absorptive ON is immediately reflected in a corre- 40 80 120 160 200 240
sponding dispersive ON, and thus, the resulted temperature Intensity of Incident Light (kW/cm?)
nonlinearity is a combination of the two. Note, that although

138 ' N=25x10"cm™

5.0x101% cm?

120 | 7.5x1016 cm3

106 |

Temperature of Electrons (K)

S

the increasing absorption due to the intraband optical heatinc 280 ¢ 1 )
is itself capable of resulting in a resonatorless bistability, the

associated dispersive ON is more efficient in the sense it 240 ¢

provides a way to the lower threshold resonator bistabffity. 200

Then, optical generation, caused by the interband transitions
and accounted by the first term on the right-hand side of Eq.
(1), is subject to increase with a rise of the electron effective
temperature. As soon as the interband absorption is switchet
on, the concentration nonlinearity becomes increasingly im-
portant and it appears as a decrease of the interband, an
hence, the total, absorption coefficient, as well as the propa-
gation constant, with an increase of the optical pump. Thus,
optical heating and generation effects on the band filling, 40 +
resulting in a reversible darkening and bleaching, respec- -
tively, are the competing purely electronic mechanisms of 0 . . . . . .
the ON under the Burstein—Moss effect conditions. 0 40 80 120 160 200 240
intensity of Incident Light (kW/cm?)

160 N, =7.5x10' cm

5.0x106 cm™
120 2.5x10'6 ¢m3

Intensity of Reflected Light (kW/cm?)

IV. FAST OPTICAL BISTABILITY

. . L:yLG. 3. Carrier heating induced bistability of the stationary pumped
The temperature and concentration ONs have essential -Ing 545 4AS etalon:(a) electron temperature ari®) intensity of the

different relaxation rates, determined by the electron coolingeflected light as the functions of intensity of the incident light. Equilibrium
time, 71=Ng(dP/dT,) -1 and the hole lifetime, 7y (dark) state of the semiconductor medium is assumed the same as in Figs. 1
—(dRIGN,) "1, respectively. In the vicinity of the equilib- 3" %

rium state related to the modeling examples given in Figs. 1

and 2,71~ 1 ps andry~ 1 ns. The difference is big enough

to distinguish the fasigoverned by the relaxation af,) and

slow (caused by the relaxation bf,) stages in the dynamics by the absorption of lighfT, rises as the intracavity intensity
of a nonlinear etalon and then on a time scale abgvebut  of radiation grows. The latter is achieved by approaching the
well below 7y, consider the nonequilibrium hole concentra- resonance conditionj,+ 6Bd =0, and hence, increase of
tion as a given parameter. Note that a considerable differendbe effective electron temperature leads to a growth of the
in the relaxation rates of the competing ONSs, resulting in antracavity light intensity and further carrier heating. If the
splitting of the fast and slow stages in the dynamics of thepositive optical feedback, caused by the cavity, is sufficiently
nonlinear system, is a general condition for a discussed kindtrong, this results in a fast optical bistability with a switch-
of regenerative pulsatiorts? In the fast stage, the response ing time of the order ofr;.'>? Corresponding S-shaped
of the semiconductor etalon is determined only by the effeceharacteristics of , as the function of;, in which interme-
tive electron temperatur€, which, computed as a function diate state withdT,/dl;<< O is unstable, are shown in Fig.
of the intensity of the incident light; , is shown in Fig. &). 3(a). Optical responsdin reflected signal of the bistable

In this modeling example, the initiégtlark) state of the etalon etalon is displayed in Fig.(B).

is slightly shifted from the resonance, assuming that a rea- The hole concentration is taken here as a given param-
sonable increase of the electron temperature compensates #ter, which, physically, reflects the fact that it remains nearly
phase shift. So far as the heating of the electron gas is causednstant on a time scale of establishing the electron tempera-
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ture and intracavity optical field, resulting in the bistable
characteristics presented in Figéa)3and 3b). However, the
hole (electron concentration is slowly changed, due to the 180
weak interband generation/recombination, and, as it is seel 175 kW/em?
from Fig. 3, even a small variation dfl, in a range well 165 |
below Ny changes the stationary characteristics of the semi-
conductor etalon drastically. Rise of the hole concentration
becomes apparent in two wayd) via a shift of the etalon
resonance, due to a reduction of the refractive index of the
semiconductor medium, an@) through an increase of the
etalon finesse, as a result of a reduction of the damping
caused by the interband absorption. As a result, the device i
monostable at lower and bistable at highgy, i.e., it exhib-

its threshold behavior with respect to the hole concentration.
In the given numerical example, this threshold is about 4 Eq (1)
X 106 cm™3. Above the threshold, growth df, shifts the %0y
hysteresis loops in botf.(l;) andl,(l;) characteristics to- , , . ) . )
ward the higher intensities of the incident light and makes 015 030 045 060 075 090 1.05

them wider. At a sufficiently high hole concentration, coef- Concentration of Holes (107cm™?)

ficient a, changes the sign, i.e., the interband absorption is

changed into the interband gain, and, should the combinationg. 4. Phase portrait of the dynamic system described by @gand (2).
ag,(hw—¢eg)/iw+a, change its sign, optical heating is Dashed sections on the null-cling correspond to their unstable branches.
switched to the optical cooling. However, an optically coolegPirections of switching in the regenerative oscnlatlo_n regime are shown by
semiconductor has a quasistationary state, i.e., a state whiéR°"® Parameters of the etalon are the same as in Figs. 1-3.
remains nearly constant on the time scales betgw only

up to a certain, quite low, light intensity, limited by a recom-

L=225 kW/em?

4
145 kW/cm? V4

150
135 ¢ / /

120

Temperature of Electrons (K)

105 |

Eq. (2

bination heating. (1) and (2) [further referred as the null-clingd) and (2),
respectively are to be found; then, the stability of the steady
V. REGENERATIVE OSCILLATIONS statés), determined as the intersectighof the null-clines, is

Change in the hole concentration causes the bistable r&2 P€ investigated and should any one be unstable, the exis-
gions in bothT, and!, as the functions of; to slowly move tence of a limit circle surrounding this intersection point has
e r | ’

always in the direction of switching. In fact, suppose that al© P& examined. _ L
stationary pumped semiconductor etalon is in tmestate. The computed null-clinegl) and(2) are given in Fig. 4.

Then, the intracavity light intensityyl, and the effective It is seen, that despite having a similar structure, which re-
electron temperaturd],, take their maximum values. Car- flects a balance between the optical generation of carriers
he .

rier generation, the stronger the highy, increases the fi- LEG-(D]or energyEq.(2)], on one hand, and carrier recom-
nesse of the etalon and simultaneously shifts its resonancBination or energy relaxation, on the other hand, in the phase
making the bistable region move slowly toward the higherp[_a“_e Nh.Te) these two equations behave differently. So,
.. Once the lower intensity boundary of the hysteresis |00wath|n.some range of the intensities of the incident I|ght, the
crosses the actual pumping level, the etalon is quickiy?ull-cline (1) practically does not depend dpand remains
switched to theoff state, so that the intracavity intensity of Single-valued, while the null-clin€2) depends or; strongly

light and the electron temperature both reach their minimun@nd becomes multi-valued at intensities higher than some
values, while the hole concentration remains nearly constantréshold intensity. The physics behind this difference can be

The interband generation is now relatively weak or everclarified by rewriting the stationary Eqel) and(2) in a form

changed into the stimulated recombination, resulting in a re@s

duction of the hole concentration, approaching the resonance

N, 1
and lowering the etalon finesse, which eventually moves the  «,(Ny ,Te)zhw—h prt (12
bistable region toward the lowéy. As soon as the higher ™ 7
intensity boundary of the hysteresis loop crosses the actual ho—g N, N,| 1
value ofl;, the etalon is quickly switched back to tloa ao(Te) + ﬁ—gacv(Nh,Te)=(ATe——sg—)—,
A . . 1) T ™/ 7l;
state. This is a repeated process which, as was pointed out (13)

first by McCall! results in the self-pulsations of a stationary

pumped etalon at a frequency determined by the slower reand taking into account that under the actual conditions the

laxation process, i.e., in our case by the recombination ohole concentratioM,,, the splitting of the electron tempera-

holes. ture,AT,=T.— Ty, the characteristic hole lifetime,, and
Oscillatory behavior of the etalon with the competing the electron cooling timer;, satisfy an inequality:

concentration and temperature nonlinearities can be analyzed

by investigating a phase plandl{,T) of the rate Eqs(1) 71 Np i <1 (14)
and(2). Following a general schenéthe null-clines of Egs. 7n Ne AT,
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Then, it is seen that as the intensity of the incident light, part of the limit cycle above this null-cline is associated with
increases, the null-cling4) and(2) approachr, as the func- the interband absorptiomy.,> 0, while the part below the
tions of Ny, which diminish a¢,(N,,Te) and a(Te) null-cline (1) is related to the interband gaia,, < 0. Hence,
+[(ho—eg)lhw]ag,(Ny,Te) , respectively. At sufficiently in a periodic motion over the limit cycle, generation of the
high intensities, the null-clines are, therefore, independent ofxtra carriers is changed into their stimulated recombination
I; and they correspond to no optical generation of carrier&nd vice versa.
[Eqg. (1)] or energy{Eqg. (2)]. However, due to the inequality According to a general theof}, presence of the limit
(14), there is a certain range bf, determined by the device cycle in the phase portrait of a dynamic system of the second
parameters and/or operational conditions, where(E2).can  order is the required and sufficient condition for its self-
be replaced withv,(N;,,To)~0, but the right-hand side of oscillations, which, in our case, appear as the periodic pul-
Eqg. (13) still cannot be neglected. Within this range, the sations of a stationary pumped etalon. The period of these
null-cline (1) is governed only by the frequency of the inci- Self-pulsations is estimated as the time of the slow motion
dent light, remaining a single-valued, monotonous curve inover the limit cycle, and it is determined by the relaxation of
dependent of; , while the null-cline(2) may be quite sensi- the hole concentration after the fast switching of the electron
tive to the changes il , especially in the etalon with a high temperature. The period can be varied, to some extent, by
finesse. The latter is determined, under the equal condition/ning the parameters of the semiconductor etalon, as well as
by the interband absorption coefficient,,, which de- the frequency and intensity of the optical pump, and, ulti-
creases and may even become negativg,asses, resulting mately, it can be reduced up ta, i.e., the frequency of
in enhancement of the finesse and, at intensities higher thai¢lf-oscillations can be enhanced toward the GHz range.
the threshold intensity, making the null-clif@) multival- ~ Taking into account that the phase portrait of the system
ued. under consideration is qualitatively similar to that of an eta-

In the given numerical example, the threshold intensitylon with the competing concentration and thermal mecha-
lyy, is around 155 kW/cfand, disregarding whethdr nisms of ON, some analogies in the nonlinear dynamics of
<ly, or I;>1y,, there is only one intersection between two these two systems could be expected as well. So, phenomena
null-clines, corresponding to the only singular point of thelike the soft and sudden onsets of the self-oscillations;
dynamic system described by Eq$) and(2). Linear analy- single-shot and periodic generation of the optical pulses;
sis of these equations in the vicinity of the singular point,hysteresislike transitions between different oscillatory
performed numerically, shows that this is actuallynade modes, all studied with respect to the etalon with competing
singular point, which is astable nodebelow the threshold concentration and thermal mechanisms of CRefs. 2—7
and unstable nodeabove the threshold, provided the inter- and 9, probably have to appear also in the etalon with the
section point corresponds thT./dN,,> 0 on the null-cline purely electronic mechanisms of ON, but on much shorter
(2) (dashed sections in Fig).4in the first case, a stationary fime scales.
pumped etalon responds also stationary, while in the second
case it has no stationary state at all. VI. CONCLUSIONS

To analyze the phase trajectories of the dynamic system
described by Eqgs(l) and (2) in the case of the unstable
singular point, we make use of the huge difference betwee
the T.- andN-relaxation times £t is about three orders less
than ), and distinguish the fast and slow motions in the
plane (N,,,Te). On the time scales abover, the electron
temperature follows adiabatically the hole concentration, s

th.at the ph‘?‘s? trajeCtth(t.)’TE(t).] is close to t.he nul!- recombination time in a heavily degenerat¢ype semicon-
cline (2). This is the slow motion which, however, is possible ductor, which enables one to increase the frequency of re-

as far as the' state of an'etalon, described by the' St,at'onagenerative oscillations toward the GHz range. The ability to
Eq. (2), remains stable with respect to the fast variations o

he of oniv b h fth I obtain the optical pulses at GHz repetition frequencies from
the e ectrodn_ tem(ger%ure. nly Ir_gnc es o t_ enu -die a (quasjstationary pumped device makes the bistable semi-
corresponding talTe/dN,< 0 (solid sections in Fig. Aare o4 ctor etalon with the competing electronic nonlinearities
stable, and should the initial mapping point lie outside thes

; . X tNesey promising element for applications in all-optical digital
it reaches one of the stable branches in a time abpuf his svstems

is the fast motion and it corresponds to the phase trajectories

almost parallel tal .-axis, whereNy, remains nearly constant
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