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Magnetotransport studies of anisotropic scattering in GaA#AIAs island superlattices
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We investigate the electronic properties of wide minib&rd00 me\j GaAs/AlAs superlattice structures in
which the tunnel barriers are formed from planar arrays of AlAs islands. By studying the effect of an in-plane
magnetic field on the miniband conduction, we determine the strength and anisotropy of the rate of electron
scattering by the island arrays.
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Semiconductor superlatticéSL9s) are of fundamental in- the electron motion, we are able to extract the strength and
terest as they provide a means of studying the motion oénisotropy of the rate of electron scattering due to the is-
Bloch electrons in a periodic potential. The nonlinear depeniands.
dence of the electron drift velocity on applied electric field The samples were grown by molecular beam epitaxy on a
leads to negative differential conductance in the currentheavily Si-doped 1i*), (100-oriented GaAs substrate.
voltage characteristic$(V).1? At sufficiently large applied SampleS1 consists of 100 periods; each period is formed by
bias, the electrical current passing through the superlattic22.5 MLs of GaAs and 0.5 MLs of AlAs. Samp&2 consists
undergoes high-frequency oscillations, driven by travelingof 130 periods and each period is made of 14 MLs of GaAs
dipole domains:* The frequency of these oscillations is de- and 2 MLs of AlAs. Using a Kronig-Penney modfeand the
termined by the width of the superlattice miniband and henceand parameters of the GaAs/AlAs system, we estimate the
by the thickness of the potential barrfeSuperlattices with  |owest miniband of the SLs to have widths, of 105 meV
large miniband width¢>10 me\) are of particular interest (S1) and 120 meV §2). The quantum wells and barriers of
b_ecause of their potential applica_tion as new tera_hert_z radigne s were uniformly doped with silicofthe doping con-
tion sources and (_Jletectéfsn_ the flelds of communications, .anrations are equal to-810' cm3 and 9x 106 cm 2 for
astronomy, and biomedical imagifiGRecently, negative dif- S1 andS2, respectively, and on the top of each of them, a

ferential conductapqe has been observed in the c.urren;ﬁ Si-doped GaAs cap layer was grown. The samples were
voltage characteristics|(V), of GaAs/AlAs superlattice . . . )
processed into circular mesa structures of diameter in the

structures with miniband widths of 100 me\? In these de- . .
vices, the mean thickness of the AlAs barrier is reduced to %ﬁnge 10 to 10um, with ohmic contacts to the substrate and

few atomic layers or even to a fraction of a monolagt. ). e cap layer. I_n the foIIo_V\_/ing, we define positive bias with
As a result, the continuity of the AIAs layer is broken by the t€ cap layer biased positive. _
formation of a planar array of Al-ricHAIGa)As islands em- Despite the loss o_f translational symmetry due -to.the is-
bedded within the GaAs matrix. Transmission electron mi/ands, these SL devices havgV) curves characteristic of
croscopy studies indicate that the in-plane dimensions of thBloch conduction. As shown in Fig. 1, for both samples, the
islands are typically a few nanometérghese island SLs are room-temperaturé (V) curves exhibit an ohmic region at
also of potential interest for engineering novel quantumlow bias and a region of negative differential conductance
structures, such as one-dimensional coupled quantum-dot d&NDC) at a critical voltageV,~—1V. For |V|>|V|, the
vices or superlattices in which the potential is modulated not(V) characteristic of sampl&2 shows a series of steplike
only along the growth direction but also in the growth features, which are associated with the formation of traveling
plane®® domains along the SL axfsThe I(V) curves can be de-
Despite the promise of these novel superlattices, the disscribed in terms of a modified Esaki-Tsu drift-velocity field
order associated with the partly random array of islands magharacteristic, which takes into account both the elastic and
cause additional elastic scattering of electrons and may ledtelastic scattering process&sThe calculated (V) curves
to a decrease of the miniband electron mobility. In this work,reproduce the data with the following values of inelastig (
we employ a magnetic field applied parallel to the plane ofand elastic ) scattering ratest;=0.8x10"*s ! andr,
the island arrays to investigate electron scattering due to the 2.0x10* s ! in sampleS1 andr;=0.3x10"%s ! and
islands. The action of the Lorentz force provides us with ar,=1.2x10"% s ! in sampleS2.5° These values are similar
means of tuning both the magnitude and direction of theéo those measured in conventional, narrower miniband
electron momentum in the plane of the island arrays. ByGaAs/AlAs superlattice3 They indicate that elastic scatter-
modeling the data in terms of a modified Esaki-Tsu model oing due to collisions of electrons by interface roughness and
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FIG. 1. I(V) at 293 K for samplesSl and S2. L is the
thickness of the AlAs barriers. Dotted curves are fits to the data
(solid curveg by a modified Esaki-Tsu formuléRef. 19. The left
insets show schematically the conduction-band préfigton) and
a section of the island GaAs/AlAs superlatti¢ep).
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impurities is comparable with that due to inelastic collisions
as a result of the interaction with phonons even at room FIG. 2. (a) Geometry of the magnetotransport experiment
temperature. (B is perpendicular to the current directjolb) 1(V) at 4.2 K vsB
Here we investigate the effect on the motion of the Blochfor sampleS1; B is increased in steps of 1 T from O to 11 (E)
electrons of a magnetic field applied perpendicular to the (V) at 4.2 K vsB for sampleS2; B is increased in steps of 2 T
superlattice axig. In this geometry, the action of the Lorentz from 0 to 12 T. (d) Voltage shift AV of the current peak
force on a Bloch electron tends to increase its momenturm@s a function oB in samplesS1 andS2. Continuous lines are fits
components in théx,y) plane, with a corresponding loss of to the data.
kinetic energy due to motion along[see Fig. 2a)]. This
implies that, for increasind®, a larger applied bias is re- mentum in the plane of the island arrays. In turn, this affects
quired to sustain miniband conduction alonghus shifting  the miniband current to an extent that depends on the
the peak and associated NDC region in tif¥) curve to  strength of elastic scattering along the deflection direction of
higher bias®>~*" This behavior is shown in Figs.() and the electron. Therefore, by rotatir in the growth plane
2(c) for samplesS2 and S1, respectively, and can be de- (x,y) and measuring(B) for each rotational angle), we are
scribed using a semiclassical model of the miniband conducable to probe any anisotropy in the scattering process. As
tion, which includes the effect of the Lorentz force. The shown in Fig. 3, for both samples the current intensity ex-
magnetic-field intensity and the strength of electron scatterhibits a clear dependence af The angular anisotropy is
ing determine the voltage shiftVV of the current peak. In characterized by a period;=180°, becoming more pro-
particular, at low magnetic fields, i.e., when the cyclotronnounced with increasin@ before saturating close to our
frequency® w. is smaller than the scattering frequency highest available fields. The angle of rotation is defined rela-

=r;+r,, the voltage shift is given b tive to a{110 crystallographic direction in théd01) plane.
itle g g y _ aphic _
We also define th¢110 direction as thex axis.
AV=V, 1+w§/r2—vc, (1) In previous experiments on conventional, narrow-

miniband SLs'* the angular anisotropy was found to have

whereV_ is the critical voltage for NDC a=0. In Fig. 2d)  two characteristic period$],=180° andll,=90°. The an-
experimental values oAV are fitted to the model with isotropy of the conduction-band structure of the GaAs and
=(1.1+0.1)x10" s ! in sample S2 and r=(3.3+0.3) AlAs layers can be described in terms of the different in-
X102 s71 in sampleS1. Also, in sampleS2, the observed plane effective masses along the two crystallographic direc-
nonmonotonid dependence of the peak value of the currenttions [010] and[110] of the (001) plane. As a result of this
intensity, which shows a maximum &=3T, can be as- anisotropy, the current intensity depends on the angle of the
cribed to the interplay between electric and magnetic localin-plane magnetic field with a characteristic peridd,
ization. The electron trajectories undergo a transition from=90°.***°In addition, if the AlAs islands at the AlAs/GaAs
open to closed orbits at a critical magnetic fieR, interface are preferentially elongated along a crystallographic
=Fcym,, /A~3 T, whereF, is the critical electric field for  direction(e.g., along th¢ 110] direction, one can expect an
NDC andm,, is the electron effective mass in th&))  anisotropic scattering of electrons in the growth plane.
planel®16 Therefore, when the magnetic field deflects the electrons in a

The in-plane magnetic field provides us with a means ofparticular direction, there is a corresponding modulation of
tuning both the magnitude and direction of the electron mo<current depending on the direction & with period 11
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FIG. 4. Dependence ok=(lg9— 1)/l on B, for samplesS1
(V=-0.27V andT=4.2 K) andS2 (V=—0.20 V andT=4.2 K).
I's0(0) is the current measured fgr=90°(0°). Continuous lines are
fits to the data using Ed2).

dence of the angular anisotropy, defined according to the
relation a=(lgo—10)/1o, Wherelgy is the current mea-
sured for =90°(0°), for samplesS1 and S2. In both
samplesg initially increases with increasinB and tends to
saturate at the highest magnetic fields. As discussed below,
this dependence can be used to probe the strength and in-
plane anisotropy of the elastic scattering associated with the
AlAs islands.

To explain the data shown in Figs. 3 and 4, we consider a
semiclassical model of the miniband conduction and assume
an anisotropic scattering ratein the SL plane(x, y), i.e.,
r«>ry. This model describes the relaxation rate of the aver-

{110} ) age velocity due to elasti®) and inelastidi) scattering pro-
cesses, i.ef,=r;+rq.. We assume that the inelastic pro-

FIG. 3. Dependence of the currdrin the angle of rotatioghof ~ cesses are isotropic. In the linear regime, the miniband
magnetic fieldB in the superlatticgSL) plane for sampleS2 (&)  current depends on the intensity and direction of magnetic

and sampleSl (b). ¢ is measured relative to #10 crystallo-  fig|d according to the relation
graphic direction in thé001) plane,(x,y). Continuous lines are fits

to the data by the curv& sir? ¢, whereA is a constant. The inset on Sr B2
the bottom shows the geometry of the magnetotransport experi- ly=lo| 1+— — Sirt ¢ |, 2)
ment. The inset on the top shows the dependenceygf-()/1 On ry 1+B2

B for different applied biases in sampf2. -
PP P whereB=w./\r I, w.=eB/\mem,,,*®r, is the scattering
—180°. In our GaAs/AlAs island SLs, the angular depen-raté for electron motion along, and ér=r,—r,. Further
dence of current is characterized by a dominant pefigd ~ details of our model are given in the Appendix.
=180°, implying that interface scattering plays the dominant _ Eguation(2) ShOWSQ thati) the current is angle modulated
role in these particular structures and that the anisotropy ofith period I1;=180° and reaches its minimum valdg
the effective mass is negligible. This is a reasonable assumjhen B is directed along the axis, corresponding to elec-
tion. In fact, due to the high rate of elastic collisions ( tons deflected along the directicy) of minimum scattering
~10" s7Y) and corresponding small mean free path of theffequency(ii) at a fixed¢, the quantitya=(1,— o)/l in-
electrons) <10 nm, the in-plane wave vector acquired by ancreases with increasing (or B) and saturates at the value
electron due to the Lorentz force kg=eBl/7<2 (8r/ry)sir? .
x 10° m~1) is much smaller than the width of the Brillouin ~ As shown in Fig. 4, the predicted dependencerain B
zone of the crystal £10°m™~1). This implies that, describes our data very well. This variation can be under-
under the conditions of our experiment, our measured valuesfood in terms of the interplay between the action of the
of current are relatively insensitive to the nonparabolicityLorentz force, which deflects the electron trajectory away
of the in-plane energy dispersion curves at large value§om the SL axis, and the scattering by the AlAs islands,
of Kyy - which tends to randomize the electron motion. If the scatter-
In"contrast to previous work, our data also indicate that ing frequency is high compared with the cyclotron frequency
the anisotropy of the current intensity has a strong depenB<1 or smallB), the electron motion in théx,y) plane is
dence on the magnitude & Figure 4 shows th® depen- randomized and the current alogs not affected by the
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anisotropy of the scatteringv~0). In contrast, in the oppo- In conclusion, we have investigated the electronic proper-
site regime of low scattering rates and/or large magnetidies of wide miniband GaAs/AlAs superlattice devices in
field, the electron trajectory is deflected ballistically along awhich the planar translational symmetry of the thinl
defined direction in the SL plane. This has the effect of re-atomic layey tunnel barriers is broken by the formation of
ducing the miniband current to an extent that depends on thalAs islands. By studying the effect of an in-plane magnetic
scattering rate along the deflection direction of the electronfield on thel (V) characteristic, and by modeling the angular
In this regime, which occurs at higher magnetic fields fordependence of current, we have determined the scattering
higher scattering rateg; is independent oB and is equal to rate of the Bloch electrons, including the anisotropy of the
(5r/ry)sin2 ¢. elastic scattering from the island array.

The above discussion indicates that a fit to the data of Fig.
4 by Eq. (2) allows us to measure the average scatterings
frequency,T=r,r,, and the in-plane transport anisotropy >°
between different crystallographic directions,/r,. Equa-
tion (2) reproduces our data with fitting parameterand
orlry, which differ for samplesS1 and S2. We find that
orlry is equal to 6% and 3%, in sampl€& andS2, respec-
tively. The uncertainty in determining at a given bias is
small(+0.1%. However, the weak dependenceabn bias
introduces an additional uncertainty af1%. Although the
difference in the value ofx between the two samples is

small, it is significant, as it is larger than the estimated un- \We use a semiclassical model to describe the electron
certainty. In particular, the anisotropy of the elastic processeginiband conduction along the SL axis, in the presence
is described byr* = or/rey=a(1+r;/rey). By considering  of an electric fieldE= (0, 0,E,) alongz and a magnetic field
the scattering rates givgn in Refs. 6 and 9, we find ﬂj"ats B=(B,,B,,0) in the SL plane(x,y). The average energy
equal to 8% and 4%, in sampl&l andS2, respectively. due to motion alongz, =,(t), and the average velocity

This indicates that the in-plane scattering anisotropy is largep = (3, Wy ,U;) are derived by solving the following equa-
in sampleS1 and suggests that the thin AlAs laydrs0.5  tjons:

MLs) deposited in this type of structure favor a stronger
anisotropy in the morphological properties of the AlAs is-
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APPENDIX

lands. The origin of this anisotropy may be related to the duy eB, o

nonequivalence of thg110] and[110] crystallographic di- dar m_xyvz_rXUX’ (A1)
rections due to a lower diffusion barrier for atoms along the

[110] directiorf® and different reactivity of step edges along

the two direction$! We believe that these effects become dv, eB_  _

particularly important when a small amount of material, e.g., at T movzT yvy, (A2)

one atomic layer or less, is deposited. Under these condi-
tions, the growth becomes more sensitive to kinetic pro-

cesses. Consistent with this, we also find that the average o
scattering rate is significantly higher in sam@e [r=(2.3 D [eE,+eByuy—eBuyl-ru,, (A3)
+0.2)x10% s 1] than in sample S2 [T=(1.2+0.1) dt - my(e,)

x 10* s71]. The higher scattering rate measured in sample

S1 is reflected in the fact that tends to saturate at higher .

magnetic fields B>12 T) than in samplé&2 (B>8T). In €z — — — T

sampleSL, the sub-ML deposition of the AlAs barrier gen- gt _vdeEteBu—eBoyl-ri(e,mey),  (A4)
erates an in-plane distribution of disconnectédiGa)As is-

lands, with Al composition and/or size varying in the SL

plane? In sampleS2, the thicker AlAs coverageé=2 MLs) is ~ Wherer,, , is the relaxation rate of the average velocity
expected to produce more homogeneous AlAs barriers and@longx, y, andz, which includes the rate of energy relax-
corresponding lower scattering rate. The values derived ~ ation, ri, and of elastic scatteringfeyeyes (Fxy,z="i
from the fits based on E@2) agree with the typical scatter- +rexeyes: Myy IS the electron effective mass in the SL
ing rates,r =r;+r,, derived from the analysis of thgV) plane, m,(g,)=my/(1—2¢,/A) is the energy-dependent
curves atB=0 using the modified Esaki-Tsu velocity- electron effective mass alorgymy=2%2/Ad?, A andd are
electric field characterisfic and the voltage shift witl of ~ the miniband width and the period of the SL, respectively,
the current peaksee Fig. 2d)]. The agreement between ande) is the thermal energy of the electrons.

these independent estimates supports further the validity of The steady-state solution of Eq$Al)—(A4) yields
our model of the magnetotransport properties of these islanthe following cubic equation for the electron velocity
SL structures. alongz v,:
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2 7.
+[w§T<¢>ri+w§+rzri](v—z)=wBri, (A5)
0

. B
wé‘T%@(S—;) —2wa§T<¢>(S—;

wherew.= eB/\mym,, is the cyclotron frequencyyg=eE,d/# is the Bloch frequencys is the angle between the magnetic
field direction and the axis,vy=Ad/2%, and

Sir? ¢ . cos ¢'
Iy ry

T(¢)=

For wg<<\rir,, i.e., in the regime of low applied biases, and kaiT <A, v, depends on the direction of magnetic field
according to the relation

EZ

_ _ or
VAP)=v,(0)| 1+ — ——

it ¢ |, (AB)
ry 1+B2

wheresr =r,—r, andB=w./\rr,.
Finally, since the miniband curreitis proportional tov,, we model the angular dependence of current by the relation

R2

or

Sit ¢ |. (A7)
y 1+§2
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