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We report on the phase diagram of static- and dynamic-domain formation in weakly coupled GaAs/AlAs
superlatticegSL’s). We have performed a detailed investigation of self-oscillations of the photocurrent using
the control parameters of applied bias and carrier density inside the SL's. The resulting phase diagram clearly
demonstrates that the boundary between oscillating- and static-domain formation, defined as a critical carrier
density, varies with bias voltage.

Static electric field domain formation in weakly coupled  The investigated sample consists of a nhominally undoped,
semiconductor superlatticéSL’s) is known to lead to a se- 40-period SL with 9.0 nm GaAs wells and 4.0 nm AlAs
ries of current branches in the time-averaged current-voltagkarriers embedded inai-n diode processed into a 5am
characteristics when the current density is very ldrge. square mesa. A cw He-Ne laser beam is focused by>a 10
However, recent theoretical studies have clarified that th@bjective lens onto the-cap layer(beam diameter about
formation of static electric field domains becomes unstable0 ©m) to photoexcite carriers in the intrinsic region. The
when the carrier density is lower than a critical value. Thistwo-dimensional carrier density in the SL region is estimated
instability results in spontaneous current oscillatiomehich  t© be of the order of 18 cm™? per 1 mW laser excitation.
have been experimentally observed both in dépehd un- The sample is mounted in a closed—cycle cryostat. The fre-
doped, photoexcitéd SL's. The oscillations originate from duency spectra of the photocurréfC) oscillations are de-

a recycling motion of the domain boundary, when the carriefected with an HP 85668 spectrum anglyzer. All measure-
density is not sufficiently large to form static domains. In meqtg have been performed in reverse b'&.‘S’ where no carriers
addition, for very low carrier densities, the formation of un- are injected from the contacts of tipei-n diode.

stable domains becomes impossible, i.e., no current oscilla- For a laser intensity of 2.5 mW, oscillations are detected
. P T : In a wide range of bias voltages between 5.46 and 6.64 V, as
tions are observell.Very recently, numerical calculations

. : shown in Fig. 1a). The darker areas correspond to larger
have predicted that the boundary between the oscillatory an mplitudes of the current oscillations. The frequency spectra

static regimes does not occur at the same carrier density f%{lso show the presence of higher harmonics. However, in

different bias yoltage%.The_: results of the calculation are (nis paper, we will focus on the fundamental frequency of the
also compiled in a phase diagram exhibiting a jagged boundgrrent oscillations. In order to derive a phase diagram of
ary between oscillatory and static regimes in the paramet&fynamic- and static-domain formation, we extract the maxi-
space of carrier density versus applied voltage due to thehum amplitude of the fundamental frequency at each laser
presence of Hopf tongue crossings. Moreover, these calculantensity as a function of reverse bias voltage. Figufie) 1
tions have clarified the carrier density dependence of the osfepicts this maximum value of the amplitude as derived from
cillation frequencies and amplitudes. At the same time, the=ig. 1(a). Our investigation focuses on the voltage regime
results of another numerical model have been reported shovietween 5.3 and 6.7 V, because this sample reveals self-
ing that the oscillatory behavior is strongly affected by struc-sustained PC oscillations only in this voltage region corre-
tural imperfections inside the SL, such as interface roughnessponding to the second plateau region of the time-averaged
and doping fluctuation®:** Accordingly, the phase diagram, PC-V characteristic. Details of the oscillating mechanism for
i.e., oscillatory regime in the parameter space of carrier denthis sample can be found in Ref. 6.
sity and applied voltage, may be affected. By performing the same procedure as for Figb)lfor

In this paper, we present experimentally obtained phaseach laser intensity, we can derive the phase diagrams shown
diagrams of domain formation in SL’s. In undoped, photo-in Figs. 2a) and 2b) at 20 and 60 K, respectively, where the
excited systems, the carrier density dependence of the cuoscillation amplitude is plotted as a function of reverse bias
rent oscillations can be measured in a single sample by sinvoltage, i.e., electric field, and laser intensity, i.e., carrier
ply varying the excitation intensity. The measured phaselensity. The laser intensity has been changed in steps of 0.25
diagrams clearly demonstrate that the boundary between theW. The darker the points in the phase diagram, the larger
oscillating and static regime depends on carrier density anthe oscillation amplitude. At 20 K, the photocurrent oscilla-
applied voltage. At the same time, the dependence of théons are observed for laser intensities above 0.25 mW. At
oscillation amplitudes on these two parameters becomes vi§.50 mW, two oscillatory windows are detected near 5.65
ible. and 6.2 V. With increasing carrier density, the two oscilla-
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FIG. 1. (a) Frequency spectra of self-sustained photocurrent os- 5.5 6.0 6.5 7.0
cillations vs bias voltage for a laser intensity of 2.5 mW at 20 K. Reverse bias voltage [V]

The darker areas correspond to larger amplitudies Maximum

amplitude of the frequency spectra vs bias voltage under the same FIG. 2. Phase diagram of static and dynamic domain formation
conditions as ina). for two different temperature&) 20 K and (b) 60 K. The laser
intensity is varied in 0.25 mW steps. The darker areas correspond to
he maximum amplitude of the oscillations at each bias voltage for

tory windows become wider and eventually merge, resultin . .
ach laser intensity.

in oscillations over a wide voltage region. This result indi-
cates that at each bias voltage, the transition between the
static system and the unstable one can occur at different cagppearance and disappearance of Hopf tongue crossings as
rier densities. Furthermore, the corresponding carrier denspredicted in the calculations. For laser intensities above 5
ties, where the oscillations begin for each bias voltage, arenW, only one oscillatory window remains at around 6.4 V.
bifurcation points as predicted by the calculatidns. Above 10 mW, the photocurrent oscillations completely dis-
With a further increase of the carrier density, the width ofappear over the whole voltage region. The corresponding
the oscillatory window decreases. For a laser intensity otarrier densities, for which each Hopf tongue disappears and
3.25 mW, a static region without any oscillations appears athe current oscillations also vanish, are most likely deter-
6.15 V, which divides the oscillatory regime into two re- mined by stationary saddle nod&$Note that for all laser
gions. A further increase in the carrier density results in adintensities, the oscillation amplitude at 6.2 V is drastically
ditional islands of stability. Their respective widths increasereduced. At the same time, the frequency also changes, as
with increasing laser power. In order to investigate the deevident from Fig. 1a). This change in the phase diagram
tails of the applied voltage dependence of the transition bemay be caused by growth-related imperfections such as
tween static and unstable electric field domain formation forslight fluctuations in layer thickness¥sWe conclude that
higher laser intensities, for example, frequency spectra anthe phase boundary between dynamic- and static-domain for-
the corresponding maximum value of the amplitude of pho-mation as defined by a critical carrier density, for which the
tocurrent oscillations vs applied voltage for a laser intensitycurrent oscillations disappear, depends on the applied elec-
of 4.25 mW are plotted in Fig. 3. The maximum value of thetric field and can exhibit a rather jagged shape.
amplitude shown in Fig.®), which can be derived from the As previous investigations have shown, a higher sample
phase diagram in Fig.(d), clearly exhibits several oscilla- temperature can result in a wider voltage range, over which
tory windows and static regions. The boundary betweeroscillations are present. We therefore performed the same
them can be regarded as a set of Hopf bifurcation pointsexperiment for a temperature of 60 K, where oscillations are
because our observation agrees well with the results of thpresent between 5.3 and 6.95 V. The resulting phase diagram
calculations’ Thus, the observed transition between staticis shown in Fig. #). Qualitatively, the phase diagram of
and unstable domain formation as a function of applied voltstatic- and dynamic-domain formation appears to be very
age for larger carrier densities is probably a result of thesimilar to the one at 20 K. However, a detailed comparison
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FIG. 3. (a) Frequency spectra of self-sustained photocurrent os- FIG. 4. Carrier density dependence of the maximum amplitude
cillations vs bias voltage for a laser intensity of 4.25 mW at 20 K. for reverse bias voltages &) 5.88 V and(b) 5.76 V at 20 K
The darker areas correspond to larger amplitudes Maximum  derived from Fig. 2a).
amplitude of the frequency spectra vs bias voltage under the same
conditions as ina. tude is shown as a function of the laser intenéity., carrier

density for a reverse bias voltage of 5.88 V derived from

also reveals some pronounced differences. The oscillatioriSig. 2(a). The oscillations begin at 0.75 mW. With increasing
appear for higher laser powergetween 0.75 and 15 m\V  laser intensity, the maximum amplitude gradually increases
i.e., the carrier density has to be larger at higher temperaeaching a maximum between 2.5 and 4 mW. A further in-
tures. At higher temperatures, a thermal activation effect i€rease of the laser intensity results in a steep decrease of the
probably responsible for the destruction of static domainamplitude. At 4.75 mW, the oscillations have completely dis-
formation® thus resulting in photocurrent oscillations, which appeared. Since the oscillation frequency decreases with in-
are observable over a wider carrier density and wider biasreasing carrier densify/ while the amplitude remains al-
voltage range at higher temperatures. This may be a result ofiost constant just before the disappearance of the
an extension of the Hopf tongues constructing the oscillatoryscillation, the observed bifurcation is a homoclinic connec-
regime by thermal activation, resulting in a wider oscillatory tion, as predicted by the calculatiohsHowever, even a
regime. Furthermore, for laser intensities between about 8mall change in the reverse bias voltage can sometimes result
and 9 mW, an additional oscillatory window appears atin a drastic change of the carrier density dependence of the
around 6.95 V, where no oscillatory window is detected atmaximum amplitude due to the presence of undriven chaotic
20 K. This behavior probably demonstrates that a new Hopbscillationst?*2 Figure 4b) shows the laser intensity depen-
tongue is generated by thermal activation. Furthermore, thdence of the maximum amplitude for a smaller bias voltage
jagged shape of the upper phase boundary is less pronouncefi5.76 V, also derived from Fig.(2). When at large carrier
[cf. voltage regions between 5.5c6 V in Figs. 2a) and  densities the oscillation amplitude decreases towards zero, a
2(b)]. This probably indicates that the phase boundary forsteplike behavior is clearly detected for laser intensities near
large carrier densitie§.e., saddle-node bifurcatipns very 4 mW. In this plateau, the SL exhibits undriven chaotic os-
sensitive to temperature. Thus, the fine structure of the uppaillations, whose corresponding frequency spectra are shown
phase boundary can be easily destroyed for higher tempera Fig. 3@), where broadened spectra are detected. In the
tures. However, the smaller amplitude regime around 6.2 \phase diagram in Fig.(d), undriven chaos usually appears
is also detected, indicating that the structural imperfection®n the lower voltage side in each oscillatory window. We
inside the SL can influence the oscillatory behavior even abelieve that the appearance of these chaotic windows is con-
higher temperatures. nected with the presence of negative differential conductance

From the phase diagrams, we can directly obtain the catNDC) regimes in the time-averaged photocurrent-voltage
rier density dependence of the maximum amplitude of theharacteristic&*%*3
fundamental oscillations. In Fig.(d@), the maximum ampli- In summary, the phase diagram of dynamic- and static-
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domain formation in a weakly coupled SL is derived by per-rather a jagged shape. For some bias voltages, the oscillation
forming a detailed investigation of the frequency spectra ofegime extends much further than for most other ones.

the photocurrent oscillations as a function of laser intensity The authors would like to thank L. L. Bonilla, M.
(i.e., carrier densityand reverse bias voltagee., electric  \oscoso, and S. W. Teitsworth for very useful comments,
field). The boundary between dynamic- and static-domairBokuji Komiyama and Tahito Aida for their encouragement
formation is clearly not voltage independent, but showsthroughout this work, and A. Fischer for sample growth.
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