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The transition between static and dynamic electric-field domain formation has been investigated in undoped,
photoexcited GaAs/AlAs superlattices by varying the carrier density and temperature. The frequency spectra of
the photocurrent oscillations exhibit as a function of bias voltage regions without any current oscillations. With
decreasing carrier density or increasing temperature, these voltage regions become narrower. These observa-
tions indicate that with increasing carrier density the domain formation changes from dynamic to static.
However, thermal activation appears to enhance the formation of dynamic dofi$683-182608)52036-X

The formation of electric-field domains in weakly coupled  The investigated sample consists of a nominally undoped,
semiconductor superlatticeSL's) is known to reveal a 40-period SL with 9.0 nm GaAs wells and 4.0 nm AlAs
static and dynamic regime depending on the carrier densitparriers grown by molecular beam epitaxy on(@01)-
present in the SL. For very large carrier densities, theorientedn®-GaAs substrate. The intrinsic region containing
current-voltage characteristics of these SL’s exhibit disconthe SL is sandwiched between two heawily and p-doped
tinuities and a series of current branches as a consequenceAlf, .Ga, As layers. A heavily Be-dopeg-GaAs layer is
static electric-field domain formatioh? A charge monopole  deposited on top of the sample to fornpai-n diode. The
is formed at the dom_am boundary, Wh|ch separates th_e |0_WSampIe is structured into mesas 0b580 um?. A cw He-Ne
and high-field domains. However, if the carrier density iS|5qer peam is focused by axt(bjective lens onto thp-cap

reduced below a certain value, self-sustained current OSCi”e}éyer (beam diameter about 26m) to photoexcited carriers
tions appear originating frordynamicelectric-field domain in the intrinsic region. The two-dimensional carrier density
formation? which have been experimentally observed within.

e o in the SL region is estimated to be of the order of*1&m 2

the last few year§.’ These oscillations are caused by the o . .
periodic motion of the domain boundary, when the carrie”S’ 1 mW HeNe laser excnqnon. The sample is mounted in a
density is not sufficiently large to form static domains. Fur-C/0S€d-Cycle cryostat. Ohmic contacts are used to apply an
thermore, in doped SL's with an external driving voltage, the€/€ctric field to the p-i-n diode. The time-averaged
appearance of chaos has been predicted using numeriooalpotocurrent-voltage(PC_-\/) characteristics are recorded
simulations? The observation of driven chaos in SL's under With an HP 4145B semiconductor parameter analyzer. The
domain formation was subsequently reported. frequency spectra of the PC oscillations are detected with an

The carrier density dependence of domain formationP 8566B spectrum analyzer.
cannot be easily measured in doped SL’s. However, un- The frequency spectra of PC oscillations and the corre-
doped, photoexcited SL’s allow us to perform a detailed exsponding time-averaged PC-V characteristic are shown in
perimental investigation of the carrier density dependence dfigs. 1@ and Ib), respectively, for a laser intensity of 2
the transition between dynamic and static domain formationmW recorded at 20 K. The spectra are presented on a gray
Furthermore, most of the previous experiments have beescale, where darker areas correspond to larger amplitudes of
performed at low temperatures, while a few reports havdhe PC oscillations. We will focus on the second plateau
appeared focusing on the temperature dependence of the agggion of the PC-V characteristic, which is formed between 5
cillatory behavior up to room temperatute The influence and 8 V, since self-sustained PC oscillations are only ob-
of thermal activation on the transition between the dynamicserved in this voltage region. This second plateau is known
and static regimes has not been the focus of any previou® originate from the coexistence of a low-field domain
temperature dependent measurements. caused byl’;—T', resonant tunneling and a high-field do-

In this paper, we report on the transition region betweermain connected td';— X; resonant transfé! In undoped,
static and dynamic domain formation in an undoped, photophotoexcited SL'sI'-X transfer is necessary for the obser-
excited SL. With increasing carrier density, a transition fromvation of undamped PC oscillations, because only the indi-
a more dynamic to a more static domain formation can beect nature of the energy gap in the AlAs barriers du&to
observed. However, for a fixed carrier density, the effect isstates leads to a sufficiently large prolongation of the lifetime
reversed with increasing temperature. of photogenerated carriefsAs shown in Fig. 1a), un-
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FIG. 2. (a) Frequency spectra of self-sustained PC oscillations

FIG. 1. (a) Frequency spectra of self-sustained photocurrent 0S4 1) the corresponding time-averaged PC-V characteristic for a

cillations and(b) the corresponding time-averaged PC-voltage Char'laser intensity of 3.5 mW recorded at 20 K plotted on the same

acteristic for a laser intensity of 2 mW recorded at 20 K and plotteqloltage scale. The darker areas(# correspond to larger ampli-
on the same voltage scale. The darker area&@)ircorrespond to

larger amplitudes.

damped PC oscillations are detected continuously in the volt- In order to study the temperature dependence of the
age range from 5.48 to 6.64 V for a laser intensity of 2 mWelectric-field distribution instabilities, we have investigated
at 20 K. In the oscillation regime, the time-averaged PC-Vthe oscillation behavior for a fixed laser intensity of 3.5 mwW
curve exhibits a pronounced maximum at about 6.15 Vjncreasing the temperature. Figureg)3and 3b) show the
where the voltage dependence of the corresponding funddrequency spectra and time-averaged PC-V characteristic, re-
mental frequency shows a local minimdef. Fig. 1(@)]. spectively, recorded at 40 K. With increasing temperature,

Current self-oscillations in weakly coupled SL’s appear, if the full oscillatory window becomes wider again comparable
the carrier density is not sufficiently large to form static do-

mains. Thus, the oscillation behavior shown in Fi¢p)an
drastically change, when the carrier density is increased. For

—
o
o

an excitation intensity of more than 3 mw, the SL system
begins already to reveal some voltage regions between 5.48
and 6.64 V, where no PC oscillations are detected. Figures
2(a) and 2b) display the frequency spectra and time-
averaged PC-V characteristic, respectively, for a laser inten-
sity of 3.5 mW recorded again at 20 K. The full voltage
region, where PC oscillations are observed, is reduced to
5.77 to 6.52 V. Furthermore, inside this voltage region, two
windows from 5.90 to 6.01 V and 6.07 to 6.26 V appear,
where the SL does not exhibit any oscillations. Moreover,
the corresponding PC-V characteristic in these static win-
dows exhibits more fine structure than the PC characteristic
in Fig. 1(a), indicating that the electric-field distribution is
changed from a dynamic to a static one. Most of the fre-
guency spectra in the oscillatory windows are broadened as a
consequence of undriven chaos as reported by Zkeaay'°

By increasing the carrier density even further, the static win-
dows become wider at the expense of the oscillatory win-
dows. When the laser intensity is larger than 8 mWw, the

Photocurrent [pA]

Frequency [MHz]

[ e}
(@) o
T2 IYTT ISTTE FEUTE NRATI FETTA IYUTA FUUTA FOOTL OO

EN
o

N
o

o

)

)
Ll
i

g

L

i lT"'lt

(a)

..A-.' '.».

5.5

6.0

—
6.5

(b)

T
5.5

T
6.0

1
6.5 7.0

L A ) Reverse bias voltage [V]
electric-field distribution becomes static over the whole volt-

age range, and PC oscillations are not detected anymore. F|G. 3. (a) Frequency spectra of self-sustained PC oscillations
These results show that for laser intensities between 3 and4hd (b) the corresponding time-averaged PC-V characteristic for a
mW the SL exhibits a transition between dynamic and stati¢aser intensity of 3.5 mW recorded at 40 K plotted on the same
electric-field domain formation and vice versa by simply voltage scale. The darker areas(a correspond to larger ampli-
changing the bias voltage. tudes.



RAPID COMMUNICATIONS

R7530 OHTANI, EGAMI, GRAHN, PLOOG, AND BONILLA PRB 58
140 LN . mum) electron velocity at the plateau we consider, which is
120 i IR ©) reached at the fiell . (respectivelyF ,in>F a0 - € ande

4 TIOP g 1Y e Mo S are the GaAs permittivity and the electron charge, respec-

¥ 2 tively. While v,ax @and F .5 are due to resonant tunneling
processes, the minimum velocity is most sensitive to scatter-
ing processes, which become more active as the temperature
increases. This can be quantified by numerical calculation of
the sequential tunneling current as a function of an applied
constant electric fieldlcf. Eq. (2) in Ref. 12, which is pro-
portional to the effective electron velocity. Using the results
of this calculation, we have checked thd} increases ap-

Frequency [MHz]

proximately linearly as the width of the GaAs scattering
g 2107 (b) spectral functions increases. The precise nature of the scat-
= 200 ~ tering mechanisms that are dominant at each temperature and
2 1904 contribute to the broadening of the spectral functions was not
isi 180 considered in Ref. 12 and it should be the object of a sepa-
= rate study outside the scope of the present paper.
S 1704 For an undoped SL, there is a laser intensgy which
é s 5'.5 — oo R plays the same role as the doping densltyabove. To cal-

culate it, we recall that PC oscillations stop wHgrexceeds
a critical value beyond which stable static domain formation
FIG. 4. () Frequency spectra of self-sustained PC oscillations'S possible®® Simulations show that stable static domain so-

and (b) the corresponding time-averaged PC-V characteristic for junons fo_r a SL \_NlthN spa_ual per'OdTQ‘ h_ave the f_oIIowmg
laser intensity of 3.5 mW recorded at 60 K plotted on the samestucture: a low-field domaitthe electric field at thgth SL
voltage scale. The darker areas(a correspond to larger ampli- Period isF;<Fp,, for 1<j=n) followed by a domain wall
tudes. and a high-field domainR;>F i, for n+ 1<j<N). In this

casedv/dF>0 for all F;. For doped and not illuminated

to the one in Fig. @). At the same time, the static windows SL'S, this stability result can be proved rigoroustyTo es-
inside the full oscillatory window are reduced to one be-timate the critically, we notice that(as in the case of a
tween 6.08 and 6.14 V, which is much narrower than thedoped S static domains can be constructed from a one-
ones at 20 K. A further increase of the temperature to 60 kdimensional map: F;_,=f(F;;y,J)=F;—Jd/[ev(F))]
results in a complete disappearance of the static window as$ y7r€Fmaw (Fj)/J, 1<j<N [cf. Egs.(2.4) and (2.5 of
shown in Fig. 4a). The full oscillatory window is slightty Ref. 13 written in dimensional units J,d, 7, and
broadened reaching from 5.5 to 6.8 V. v=«aly/(hw) are the total current density in the SL, the SL

Comparing the oscillatory behavior for the three differentspatial period, electron-hole recombination time, and photo-
temperatures shown in Figs. 2@ the oscillatory windows generation rate, respectively.is the laser frequency and
broaden, while the static windows become narrower as théhe absorption coefficient. The mdgF;y,J) has a three-
temperature increases. At the same time, the fundamenthfanch shape similar to(E) for large enoughy. Then a
oscillation frequencies exhibit a small increase. Furthermorestable static solution with low- and high-field domains exists
comparing the corresponding PC-V characteristic shown inf f(F i, y.d)<f(F,.1,v,J)=F,: for the mapf reaches
Figs. 2b)—4(b), the amount of fine structure within the full its minimum at a field lower thaF,,;, and fields on the third
oscillatory voltage region decreases with increasing temperdranch ofv are always on the thiréhcreasingbranch off.
ture. At 60 K, it almost disappears within the oscillatory The previous condition yields the inequalityF;,
window cf. Fig. 4b)]. These results clearly demonstrate that—F ) v in<Jd/€— y7r€ Fnaw 5i/J. This is first satisfied
static domain formation at lower temperatures can be defor F,=F,,, and J=v . {eyeFmaxr/d)¥? the largest
stroyed by thermal activation at higher temperatures resultpossible values for the low-field domajsee Eq.(2.3) of
ing in dynamic domain formation, i.e., PC oscillations. Theseref. 13. Inserting these values in the previous formula, we
thermal activation effects can also be observed for other lasgjbtain an estimate of the criticéy:
intensities above 3 mW. For example, as already mentioned
above, this SL system does not show any oscillations in the

Reverse bias voltage [V]

2 2 _ 2
_ @V fin¥ max€(Fmin— Fmax)

whole voltage range for laser intensities above 8 mW at a lo= _ (1)
temperature of 20 K. However, when the temperature is in- edTRaF nay( V22— VEin)?

creased at this laser intensity, some oscillatory windows ap-

pear due to thermal activation. Again |, increases as the the minimum velocity increases.

A possible explanation of this thermal activation effect isThe previous arguments suggest that raising the temperature
that the carrier density necessary to quench moving domairiacreases the width of the scattering spectral function. In turn
into static ones may increase with temperature. This can b#his increases the minimum velocity. Thus, a greater laser
illustrated by considering the case of a doped*Sior which  intensity is required to stop current self-oscillations as the
static domains can be produced if the 2D doping density isemperature increases.
larger thanNg=v nin€(Fmin— Fmaxd/[€(V max— U min)]- Here An additional factor in the origin of the thermal activation
Umax (respectively ;) is the maximumrespectively mini-  effect is the in-plane diffusion of two-dimension@D) ex-
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citons in GaAs wells. Note that the spot diameter of the lasetion of static domains by thermal activation is easily ob-
beam is about 2@m, which is considerably smaller than the served by adjusting the laser intensity to values below 8 mW
size of the diodes, which are squares with a side length of 5€r which static and dynamic domains coexist. Since the uni-
um. The temperature dependence of the mobility of 2D expolar mobility in 2D systems also depends on temperdture,
citons was measured by Hillmest al,** who reported an domain formation in doped SL's may also be affected by
increase of the mobility of 2D excitons with increasing tem-thermal activation.

perature in the lower temperature regime, where it is domi- In conclusion, we have observed transitions between
nated by interface roughness scattering. This effect probablstatic and dynamic electric-field domain formation in an un-
reduces the density of photoexcited carriers inside the SL adoped, photoexcited GaAs/AlAs superlattice as a function of
the temperature increases. Since the electric-field distributiohias voltage. The oscillatory windows become narrower with
becomes dynamic and oscillations are generated, when thiecreasing carrier density, and windows of static domain for-
carrier density is not sufficiently large to achieve static do-mation appear. The windows of static domain formation can
mains, the reduction of the carrier density due to the therbe destroyed by an increasing sample temperature. Two
mally assisted diffusion of 2D excitons should result in amechanisms may explain the observed thermal activation
transition from static to dynamic domain formation. The process, but experiments to distinguish between these
time-averaged PC increases somewhat with increasing temmechanisms are outside the scope of the present paper.
perature, but this effect might originate from an increasing

recombination lifetime. We conclude that the diffusion of The authors would like to thank Bokuji Komiyama for his
photoexcited carriers in quantum wells may play an impor-encouragement throughout this work, A. Fischer for sample
tant role in destroying static domain formation. The destruc-growth, and S. Teitsworth for stimulating discussions.
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