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Static domain formation in doped semiconductor superlattices results in several current branches separated
by abrupt discontinuities that exhibit hysteresis. The transition from one branch to its adjacent one is studied
by time-resolved switching experiments. The mean value of the relocation time increases by more than one
order of magnitude, when the final voltage on the adjacent branch is reduced to a value approaching the
discontinuity. At the same time, the distribution function of the relocation time changes from a simple Gauss-
ian to a first-passage time form.
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The current—voltageI(V) characterist.ic.s of highly doped, sandwiched between two highly doped,ABa, {As contact
weakly coupled superlattice$SL's) exhibit as many well-  layers in order to have access for optical measurenténts.
defined branches on each plateau as there are periods in tifae sample is supplied with Ohmic contacts, etched into
SL due to the formation of static electric-field domains. mesas with a diameter of 12pm, and mounted on a sap-
Two 'branches are sepgrated by a_discontinuity in the currenhire holder in a He-flow cryostat equipped with 20-GHz
In this case, the electric field inside the SL breaks up intacoaxial cable. All reported measurements are performed
two regions of constant field, which are separated by a doyt 5 k.
main boundary. The domain boundary is formed by a charge The time averaget-V characteristics are recorded using
accumulation layer, which is basically confined to one SL; ¢qurce-measure unikeithley SMU 236. In the experi-

period, i.e., to one quantum well of the SL. When the appliedy,ants e apply a negative voltage to the top contact of the
bias sweeps across a discontinuity from one current branc@ample. The square wave voltage pulses with a dc offset are
to the next, the domain boundary moves exactly by one S

period? Recently, dynamical processes such as the domai (_aneratgd using a pulse/funcu_on generaafavetek 81.
formation time have been experimentdy and with a width of 0.5 ms and a period of 1 ms. The pulse width
b and period are chosen to be sufficiently long to allow the

theoretically'” studied. Previously, we found that for switch- & Id distribution inside the SL to stabili ft h volt
ing between two branches, the time constant of the responé@ Istribution inside the 0 stabilize after each voltage

depends exponentially on the difference between the finatep in order to reset the field and charge distribution, before
current and the maximum or minimum current values, whicht€ next pulse arrives. The output of the generator is attenu-
is reached before the relocation of the domain boundarfted by 20 dB to increase the sensitivity of the amplitude
takes placé.The parameter for the exponential dependencéteps of the generator. The current through the sample is
is independent of the voltage pulse direction and number ogmplified by 20 dB using the 50 input of an amplifier
branches involved in the relocation process. However, to oufHMS model 57). Both the transients of the amplified cur-
knowledge, the distribution of the switching times, which rent and the applied voltage are recorded at the(2-iMputs
can give important information about the microscopic pro-of a real-time oscilloscope with a band width of 1 GHz
cesses that determine the dynamics of switching, has ndtecroy LC 574 AL). The voltage signal is used as a trigger
been investigated so far. for the current transients of the voltage jumps. The current
In this paper, we will determine the mean relocation timetransient is either recorded directly or used for statistical
of the domain boundary and the relocation time distributionmeasurements. We record the delay timeof the current
function in a weakly coupled SL. We concentrate on voltagestep after the voltage stefriggen for up to 20000 events
jumps from one current branch to the adjacent one. As thand display the corresponding distribution function as a his-
final voltage approaches the voltage of the discontinuitytogram.
from above, the mean switching time increases by more than The inset of Fig. 1 shows theV characteristics of the
one order of magnitude. At the same time, the distributioninvestigated samplet® K for two sweep directions, from 0
function changes from a Gaussian to a form, that closely fitso —6 V (up sweep and from—6 to 0 V (down sweep
a first-passage time distribution of the type one encounters ifthe current plateau between0.4 and —5 V originates
problems of Brownian motioft® The transition from one to  from electric-field domain formation described in Refs. 1 and
the other distribution function appears to be universal eveldl. For every current jump, the boundary between the high-
for voltage pulses covering several current jumps going tdield and low-field domain moves discontinuously from one
larger or smaller voltages. guantum well to the adjacent one. In Fig. 1, an enlarged
The investigated sample consists of a 40-period SL withsection of thel-V characteristics including the first five
9-nm-wide GaAs wells and 4-nm-wide AlAs barriers grown branches is depicted. The arrows indicate the sweep direc-
by molecular beam epitaxy. The central 5 nm of each weltion. The variation of the width of each branch has been
are Si doped with a density of>810'" cm 3. The SL is shown to be mainly due to doping fluctuations in the

0163-1829/2001/64)/0413084)/$20.00 64 041308-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

ROGOZIA, TEITSWORTH, GRAHN, AND PLOOG PHYSICAL REVIEW B4 041308R)
..... L Ty -7525my| |
: JRNE 1 O O 1005 g O 1
-120 % 5o} | g
3 c
g _____ — — 0.30 a
2 3 g 1t 401
[ =
= -100 he e
- - e
o —_——T oL
d 01| g g B . {001
S ! 1
8 -80 -730 -740 -750
V, (mV)
-60 FIG. 3. Average valu;(dots and widtho (open squargsof
the distribution of the relocation times for switching frovfy=

" 1 L L (1 1 " " L 1 " "
0.4 -0.6 -0.8 —650 mV on branch 3 to different final voltages on the branch 4.
. The insets show two examples of the distribution functions mea-
Applled VOItage (V) sured at a voltage of ;= —732 and—752.5 mV.

FIG. 1. Time-averaged-V characteristics of the first five current jump. For large voltage jumgsf. F in Fig. 2), the
branchesl, 2, 3, 4, 5 for up sweep and down sweep between 0 andcyrrent reaches its final value on the fourth branch on a time
_76 V as indicated b_y thg arrows at 5 K The _qu characteris-  gcale of a few hundred nanosecondsVIf is reduced ap-
tics for both sweep directions is shown in the inset. proaching the voltage of the current jump for the up sweep,

the current is almost constawith a slight decreageover a
We||5.12_14|n this work we will focus on the SWitChing times de|ay timer, until it Changes rap|d|y with a Switching time
between the third and fourth current branch. 75. In fact, when the current value during falls below a

Typical time traces for switching from a fixed initial volt- critical level, the current switches to its final value. The
age on the third branchVp=—709 mV) to several final switching time increases by a factor of 3.5 going frénto
voltagesV; on the fourth branch are shown in Fig.\%; and A However,r4 increases from 200 ns for large values\gf
the V, values labeled? to F are marked in thé-V charac- up to more than 20us for V, just above the current Jump of
teristics in the inset. After switching the voltage, the currentihe up sweepF to A in Fig. 2).
increases immediately to a value corresponding to the un- |n order to analyze the delay times in terms of their sta-
stable part of the third branch, i.e., to a value, that can bgstics, we have directly measured the distribution functions
reached by linear continuation of the third branch beyond th%yng the built-in functions of the Oscinoscope_ Two ex-

amples are shown as insets in Fig. 3. There is a very pro-
ia nounced change in the shape of the distribution function go-

3 ing from larger to smaller values ¢¥|. The main part of

T Fig. 3 shows the averaged response timgsloty and the

- S -0 respective widthsr (open squargsof the distributions on a

-100 } E logarithmic scale as a function &f;. Both strongly increase
3 60 with decreasingV,| (F to A in Fig. 2). For values ofV, far

v, V=ABCD E F away from the current jump, the distribution function be-

710 K;fo?le (;7‘,3313;4?““,—)750 comes very narroucf. inset forV,;=—752.5 mV in Fig. 3

and exhibits a symmetric, Gaussian-like shape. However, for
values ofV; close to the current jump, the distribution func-
tion has a completely different, asymmetric shape with a
steep increase at shorter times and a broad tail at longer
times (cf. inset forV,=—-732.0 mV in Fig. 3. Note that
also the time scale has changed by more than one order of
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SN A Y/ A - tion functions will be discussed later.
1 0 1 2 3 10 20 In previous experiments*®the bias was changed from 0
Time (us) V to its final value in order to study the formation of the

domains, i.e., the boundary is moving over many SL periods.
FIG. 2. Typical time traces for switching frol, on branch 3to ~ Here, we investigate the relocation of the domain boundary
different voltages A to F) on branch 4. The switching time is ~ OVer a single period so that the domains are already formed
indicated for cas®. The closer the final voltage is to the beginning BY applying a finite bias/,. However, in contrast to Ref. 5,
of the fourth branch, the longer the switching time. The inset disWe are now interested in the switching time distribution and
plays the time-averageldV characteristics indicatiny, and the its dependence on the final voltayg. Our results can be
different final voltaged/, labeledA to F. interpreted in the following way. WheM; is located on the

041308-2



RAPID COMMUNICATIONS

STATISTICS OF THE DOMAIN-BOUNDARY . .. PHYSICAL REVIEW B64 041308R)

next higher branch, the domain boundary first remains in the @)
same well. The current increases beyond the maximum of
the initial branch of thd-V characteristic as seen in Fig. 2.
Theoretical calculations by Carpé al'® and Amanret al.’
predict that for this current value the accumulation layer
monopole can move against the flow of electrons, ue-, L -r-
stream The field and charge profiles first begin to change i
without any spatial relocation of the charge accumulation
layer itself. However, the center of mass of the total charge
distribution moves upstream. During this timg, the cur-

rent remains almost constant. However, this intermediate
state is metastable, because the center of mass of the charge
distribution and the position of the charge accumulation
layer are located in different wells of the SL. When the dis-
tance between the center of mass of the charge distribution
and the accumulation layer reaches a critical value, the
charge accumulation layer moves almost instantaneously to
the adjacent well. The switching time, can be estimated

from current oscillation measurements, where the relocation 05 10 15 20
of the domain boundary was observed as periodic spikes Normalized time
with a frequency of about 10 MHY. Since the same sample o , , )
exhibits current self-oscillations with spikes for the oppositeFP_'Ifl(C;él?' 2 '\gﬁgsgrg‘;f;g;ﬁgg:;;g:;ﬁg;Lr’]nf‘giotaz f:,tvzd f:':;‘ a
polarity, a typical switching time should be of the order of voltages(@ —752.5 mV andb) V,— — 732.0 vs normalized time.

100 ns.

The time to reach this critical charge distribution depends _ _ . .
on stochastic processes with a certain distribution, e.g., th&nen there is an effective Brownian potential that has only

uncertainty of the exact value &f, and scattering effects. ©N€ local minimum. The motion towards that minimum is
For large voltage jumps, the change of the electric field dis€SSentially deterministic and fast. _

tribution in the sample is relatively large so that the center of FOr Small values oW, close to the current jump, we used
mass of the charge distribution is strongly accelerated anif'® FPT distribution function of the form

the critical charge distribution is only reached after a few

stochastic processes. The resulting delay tiges short and ) 2B B,

the corresponding time distribution symmetric and Gaussian. W(ty'",p)dt=]y'-—exp — 5y'z"|dz 2
However, for values oY/, close to the current jump, the field

does not deviate very much from a stable distribution. At theiip,

same time, the center of mass of the charge distribution will

be accelerated much less. Therefore, the system is expected

to be much more sensitive to stochastic processes such as '—v2/D and z=
shot noisé€’ Hence, both the mean value gf as well as the Y =Yo
width of the time distribution increase. The current switches,

when the critical charge distribution is reachfed the first 10
time In fact, we consider a distribution function that de-
scribes the probability for a particle to reagh-0 starting

from y, for the first time in a time betweenandt+dt by a

random wallé It is usually referred to as the first-passage o
time (FPT) distribution function. It is important to keep in
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mind that the variablg corresponds to the charge density in g 10
the quantum well associated with the domain wall. e

After normalizing the measured time distributioferea
equal to }, we fit them at large values &f; with a Gaussian
function of the form 0.1 ' e

-730 -740 -750
. 1 (t—1)2 v, (mV)
W(t,7,0)dt= exp —— 5 dt, (1)
o2 20 FIG. 5. Ratio 0fy3,,st0 xZpr @s a function of final voltage on

_ branch 4. A transition happens at about 735 mV, where the ratio is
where 7 and o denote the mean value and width, respec-apout unity and the slope of the fitting line changes. The inset
tively, being the two parameters used in the fits. The resultdisplays the dependence of the fitting paramegfsriangles and
ing distribution function is shown in the inset of Fig. 3 for y’ (circles on V; for the regime, where the above ratio is larger
V,;=-—752.5 mV. Note that a Gaussian would be expectedthan one.
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The parameterg and yS/ D are derived from the Fokker-
Planck equatioft!® The resulting distribution function is
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bution fits the measured distribution better. At the same time,
the slope of log{a..slx2er) changes significantly a¥,=

asymmetric and contains a steep initial increase and a broad735 mV. The inset of Fig. 5 shows the dependence of the

tail as shown in the inset of Fig. 3 for;=—732.0 mV.
Increasing@ results in a narrower distribution, which at the
same time is shifted to shorter times. An increaseybf

two fitting parameterg andy’ as a function ofV, in the
range where the distribution function is better described by a
FPT distribution. Note the logarithmic scale fgrf. Both

mainly shifts the peak of the distribution to longer times in narameters vary linearly witk; on the displayed scales.

our parameter range.

For values ofV; far away from the current jump, the
distribution function is Gaussian as shown fof;=
—752.5 mV(dashed lingin Fig. 4(a) on a semilogarithmic
scale. The time scale is also normalized to the correspondi
mean value. The distribution is very narrow. With decreasin
values ofV,, the distribution becomes wider, but the distri-

With a further decrease ¢¥/,|, the distribution function ap-
proaches the FPT distributioisolid line) as shown in Fig.
4(b) for V;=—732.0 mV.

For each measured distribution, we calculated the qua-
dratic deviationy? from the respective least square fits. The

ratio x2,,sLx2pr describes which of the two distributions fits

In conclusion, we have investigated the relocation of the
charge accumulation layer in a SL after a voltage pulse from
the third to the fourth current branch. The mean delay time
and the width of the distribution strongly increase, when the

Nfhal voltage approaches the current jump from branch 3 to
%ranch 4. At the same time, the distribution function of the

delay time changes from a symmetric, Gaussian one to a
very asymmetric, first-passage time one, indicating a funda-

. . X . ! MOMyental shift in the switching dynamics as the transition is
asymmetric developing a tail at longer times. The distribu-

tion function is not Gaussian anymore, but not FPT-like yet

approached. Experiments for voltage pulses covering several
‘current jumps and going to lower voltages reveal similar
results for the time distribution, although the switching
mechanism is changed from a monopole relocation to a di-
pole injection.

The authors would like to thank A. Fischer for sample
growth and A. Amann and K. Matveev for stimulating dis-

the data points better. Figure 5 shows the experimentallgussions. One of uéS.W.T) would like to thank the Paul

determined ratios for these distributions as a functioW pf
For |V4|<735 mV (V4/>735 mV), the ratio is larger
(smallep than one, indicating that the FRGaussiajpdistri-

Drude Institute for their hospitality. Partial support of the
Deutsche Forschungsgemeinschaft within the framework of
Sfb 296 is gratefully acknowledged.

*Electronic address: teitso@phy.duke.edu

1H.T. Grahn, R.J. Haug, W. Mier, and K. Ploog, Phys. Rev. Lett.
67, 1618(1991.

2L.L. Bonilla, in Nonlinear Dynamics and Pattern Formation in
Semiconductors and Devigesdited by F. J. Niedernostheide
(Springer-Verlag, Berlin, 1995Chap. 1.

3J. Kastrup, F. Prengel, H.T. Grahn, K. Ploog, and E."8cRbys.
Rev. B53, 1502(1996.

4Y. Shimada and K. Hirakawa, Jpn. J. Appl. Phys., P&8611944
(1997).

5K.J. Luo, H.T. Grahn, and K.H. Ploog, Phys. RevbB R6838
(1998.

F. Prengel, A. Wacker, G. Schwarz, E. $thd. Kastrup, and
H.T. Grahn, Lith. J. Phys35, 404 (1995.

A, Amann, A. Wacker, L.L. Bonilla, and E. SchoPhys. Rev. E
63, 066207(2002.

8M.C. Wang and G.E. Uhlenbeck, Rev. Mod. Phys, 323
(1945.

°R.L. StratonovichTopics in the Theory of Random Noi€gor-

don and Breach, New York, 1953Vols. 1 and 2.

10H.T. Grahn, inSemiconductor Superlattice&Vorld Scientific,
Singapore, 1995 p. 160.

113, Kastrup, H.T. Grahn, K.H. Ploog, F. Prengel, A. Wacker, and
E. Schdl, Appl. Phys. Lett.65, 1808(1994.

127, Wacker, G. Schwarz, F. Prengel, E. $tthd. Kastrup, and
H.T. Grahn, Phys. Rev. B2, 13 788(1995.

13G. Schwarz, A. Wacker, F. Prengel, E. $tthd. Kastrup, H.T.
Grahn, and K. Ploog, Semicond. Sci. Techridl, 475 (1996.

M. Patra, G. Schwarz, and E. SéhcPhys. Rev. B57, 1824
(1998.

15A. Carpio, L.L. Bonilla, A. Wacker, and E. SctioPhys. Rev. E
61, 4866(2000.

183.w. Kantelhardt, H.T. Grahn, K.H. Ploog, M. Moscoso, A. Per-
ales, and L.L. Bonilla, Phys. Status SolidiZ®4, 500 (1997).

17ya.M. Blanter and M. Bitiker, Phys. Rev. B59, 10 217(1999.

18E.W. Montroll and B.J. West, iffluctuation Phenomenadited
by E.W. Montroll and J.L. LebowitzNorth-Holland, New York,
1979, Chap. 2.

041308-4



