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Direct experimental observation of the Hall angle in the low-temperature
breakdown regime of n-GaAs
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Using the technique of photoluminescence imaging during electrical transport in crossed electric and mag-
netic fields, the rotation of the current flow direction has been observed. The rotation angle is identically the
Hall angle. As a model system, a thirtype GaAs layer in the regime of low-temperature impurity breakdown
has been used, generating filamentary current patterns. The measurement of the Hall angle allows one to
determine the mobility inside current filamenft$0163-18288)05043-1

The Hall effect is the most important probe of transport  If a magnetic field is applied perpendicular to the epitaxial
properties in semiconductors. In standard measurements tfyer, the current flow direction deflects from the orientation
the Hall effect the material properties of interest are calcu-of the electric field imposed by the contacts, as seen in Figs.
lated from voltage drops obtained by potential probes. Interd(b)—1(e). The filament tilting angle rises monotonically
pretation of such measurements must take into account theith increasing strength of the magnetic field. It can straight-
particular geometry of the investigated sample. So, for exforwardly be identified with the Hall angle.
ample, across a bar-shaped sample the transversal electric The transport of electrons in a semiconductor layer in
field &, the Hall field, is measured. Through the ratio of thecrossed electric and magnetic fields can be described in
Hall field to the longitudinal driving electric field, the  terms of the generalized Ohm’s law, where the conductivity
value of Hall angle can be obtained,=arctanf, /&), has the form of a second-rank tensof,
which is directly related to the charge-carrier mobility. The
above formula is often understood as a definition of the Hall
angle; its validity is, however, strictly bound to a bar shaped
sample. Generally, the Hall angle is defined as the angle
between the current density vector and the local electric-field
vector in the presence of a perpendicular magnetic field. a)
Since it is independent of a particular sample geometry anc
even of material inhomogeneities, the Hall angle represents i
fundamental intrinsic physical quantity in galvanomagnetic
transport. In spite of this fact, to our knowledge it has not
been directly measured so far. b)

Here we report on an experiment where an image of the
current flow has been obtained and the Hall angle has bee
measured by a protractor. The measurements have been ce
ried out on epitaxial layers af-type GaAs at liquid-helium )
temperature, making use of the fact that the current flow in
samples of this material is inherently inhomogeneous due tc
the self-organized formation of current filaments. The cur-
rent filamentation occurs in slightly doped semiconductors at ) ;
low temperatures if the material is driven by an external
voltage bias into electric breakdown due to impact ionization
of shallow impurities-? The filamentary current pattern, and
thus the direction of current flow, can be visualized by pho- )
tographing the sample photoluminesceftén example of
such a visualization is shown in Fig(dl. The dark vertical
stripe corresponds to a stable self-organized current filament FIG. 1. Visualization of the filamentary current flow at a con-
nucleated between two parallel Ohmic contacts which appeastant sample currert=1 mA and(a) B,=0, (b) B,=64 mT, (¢
as dark horizontal stripes at the top and bottom of the figureB,=126 mT, (d) B,=188 mT, andB,=251 mT.
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(1) obtained by the standard Hall measurement on samples of identical
material, and corrected for the presence of depletion lajets. 9

and 14. The values at 1.8 K have been obtained by the presented
method and relate to electrons inside the current filaments.

. 1 _rH:“Bz) TABLE I. Sample parameters. The values at 77 K have been
J=Dbmoo

rH,LLBZ 1

Here j=(j.,jy) is the current density€=(&,,€,) is the
electric field, andB, is the normal magnetic fieldo
=eun and u=e({7)/m* are the conductivity and the elec-

tron mobility in case of zero magnetic field, respectivéty). Sample No. 1 Sample No. 2
is the electron scattering time averaged over the electron digayer thickness 4.3m 4.3um
tribution function, andm*, n, and e denote the effective Contact distance 1.65 mm 1.65 mm
mass of electrons, their density, and the elementary chargeontact width 6 mm 6 mm
respectively. The dimensionless coefficiebfg andry de-  n,, 7.1x10%¢cm3 1.9x 10" cm™3
pend, throughr, on the actual scattering mechanisms and arg,, ;7 ¢ 21X 10* cm@/V s 4.3x 10* cm@Vs
generallyB, dependent:
Ehi1s K 10.2 Vicm 6.5V/cm
- Nigk 1.3x 10 cm™3 1.5x 10 cm™3
bM=<—><r>1, 28  phisx 1.0x 10* cn?/V s 3.4x10* cnéIV s
1+ (O)CT)2 ’

-1
fo— a T (7)1 (2b) solution on a rectangular area remains valid, if the vector
H 1+ (wen)? ] \ 1+ (wer)? ' variablesj and £ are mutually interchanged, along with the
corresponding boundary conditions. Therefore, approxi-
wherew.=eB,/m* is the cyclotron frequency. The coeffi- mately the inverted length-to-width ratio, 1:4, has been cho-
cientby, relates to magnetoresistivity, and decreases monasen in the present experiment.
tonically with increasing magnetic field. In the limit of a  The rectangular samples were cut from epitaxial layers of
weak magnetic field, ¢.7)?<1, the Hall factorr, con- n-type GaAs grown on a semi-insulating substrate. Two
verges to{ 7%)/(7)?, the value of which lies between 1 and 2 kinds of otherwise identical samples were used, differing in
and does not depend on magnetic field. For convenience, thmpurity concentration and consequently in electron mobility
Hall mobility wy is defined aupy=ryu. according to Table I. On each sample a pair of In/Au stripe
As seen from Eq(1), the conductivity tensor has the form contacts was alloyed, the distance and width of which were
of a rotational matrix, defining the Hall angléy 1.65 and 6 mm, respectively. The sample was immersed in
=arctanB,), by which the current density vectpdeflects  liquid helium inside a superconducting magnet, and illumi-
from the electric field vecto€ in the presence of a normal nated by a set of red light-emitting diodes. The two-
magnetic field. This fact is commonly used in the classicadimensional image of the photoluminescence of the sample
Hall effect arrangement, where the investigated material isvas recorded by a camera with an infrared sensitive image
cut into a bar-shaped sample with contacts at the short edgestensifier*!® By means of a proper optical filter only the
The characteristic feature of this sample geometry is the varintensity peak corresponding to excitonic recombination was
ishing transverse component of the current density even if aelected, whose intensity is known to drop in the presence of
magnetic field is applied. Consequently, a transverse fieléxcess free electrons?
component, the Hall field,, , develops, that compensates for Due to the impact ionization of shallow donors, the
the Lorentz force. samples exhibit an electric breakdown, if the sample voltage
The inverse situation occurs in rectangular samples with &xceeds a certain threshold voltage. The breakdown field is
great width-to-length ratio, and stripe contacts along the longf a few V/cm, so that intervalley scattering may be disre-
sides. There the course of the equipotential lines between ttgarded. The typical enhancement in the conductivity during
contacts is essentially imposed by the parallel contact edgethe breakdown is several orders of magnitude, mainly due to
and the direction of the electric-field vector is thus fixedthe multiplication of the number of free electrons by impact
perpendicular to them. Upon applying a normal magnetidonization of shallow donors, and partially due to an increase
field, the current flow deflects from this direction by the in their mobility. The enhanced conductivity is restricted
corresponding Hall angle. The resulting elongation ofsolely to one or more distinct current filaments, which are
the current path causes an increase of the sample resistané@med on account of the system nonlineafityhough the
which is sometimes referred to as the geometricakexact position of the filaments is influenced by sample and
magnetoresistanée. contact imperfections, they reveal some elementary generic
A guestion arises about the homogeneity of the electrideatures{i) they have well-defined borders which tend to be
field in a sample of finite dimensions. There is a generallyparallel, forming a stripe-shaped filament with constant criti-
accepted recommendation for the case of the classical Hatial electric field strength and conductivity insitlend (ii)
measurement on bar-shaped samples that the length-to-widtheir total width is proportional to the total sample
ratio should be at least 4, in order to eliminate the inhomo-current**°
geneity of current density distribution near the contécts. Property (i) implies that the Hall angles visualized
From the mathematical point of view the problem of thethrough the filament tilting relate solely to a single value of
classical Hall-bar geometry and the problem of the inverséhe electric field strength inside the current filaments. From
geometry are fully equivalent, as long as the continuity equathe theoretical point of view this critical field strengtf
tion combined with Eq(1) is the adequate description. Its corresponds to the coexistence field, which can be deduced
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FIG. 3. (a) Hall angledy and(b) Hall mobility u . Circles and
full diamonds depict sample Nos. 1 and 2, respectively. Solid lines

are fitted functions oB, (see text The error bars correspond to a
constant+3° deviation of the angular measurement.

FIG. 2. Visualization of the filamentary current flow at a con-
stant magnetic fieldB,=309 mT and (a) 1=1.17 mA, (b) |
=2.32 mA, (c) =3.82 mA, (d) | =5.99 mA, andl =8.24 mA.

in the framework of the nonequilibrium phase transition

theory! The value of¢, can be determined from the switch- Arguments have been given that in comparablgype
off voltage of the sample, and is indicated for the samplegsaAs samples at moderate magnetic fields, the Hall fagtor
investigated in Table I. lies very close to unity, fluctuating only by about 10% in a
Upon making use of propertgii), one can examine the yjde range of temperaturésThe same result can be found
homogeneity of the field distribution in the Sample. In Flg 2theoretica"y upon ana|yzing expressi&b), if the ionized
a series of images at constant magnetic field and varyingnpurity scattering time according to the Brooks-Herring
sample current is shown. While in this case the right filamentormuls 72 and the shifted Maxwellian distribution of elec-
border remains pinned at a contact imperfection, the left borron velocities are taken into account. However, the validity
der shifts along the contacts according to the current bias. l§f the Brooks-Herring expression is questionable at low tem-
can be seen that its slope is preserved except for the vicinityeratures, and, moreover, significant changes of the electron
of the contact ends, where the inhomogeneous electric fielglistribution function in the filamentary regime probably
results in a more complex shape of the filament boundary. gccur, as has been shown recently by Monte Carlo
The dependence of the measured Hall anglgson the  simulations'® This may explain the observed decrease of the
magnetic-field strength is shown in Fig(aB for the two  Hall factorr,, with the magnetic field in case of sample No.
investigated samples. To reduce the errors due to the pinning
of the filament edges on material and contact imperfections, e emphasize that in spite of a possible change of the
the angle measurements were carried out on several differepfy|| factor, the description of the galvanomagnetic transport
filament configurations, and averaged. The correspondinghrough Eq.(1) remains correct in the whole investigated
Hall mobilities .y are plotted in Fig. @). The solid lines  range of magnetic-field strengths. This is demonstrated by
represent fitted polynomials of the form t#)  the qualitatively unperturbed character of the current flow,
= pnoB,(1+kB?), reflecting the first-order approximation which preserves the form of stripe-shaped current filaments
of Egs. (1) and (2b). Whereas the Hall mobility in sample with tilted but straight boundaries.
No. 1 remains almost constant in a great interval of the mag- An estimation of the electron density inside of the current
netic field, in the high-mobility sampléNo. 2) uy, decreases filaments can be obtained, based on the optical measurement
apparently with increasing,. This may be attributed to a of the filament widths. However, possible sources of a sig-
decrease of the Hall factar,, which is expected to vary nificant estimation error must be allowed for. These are, in
according to Eq(2b) with increasingB,, if the weak-field our case, a potential drop on the contacts and the presence of
limit is no longer valid. depletion layers near the surface and the substrate
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interface®* Whereas the former problem could in principle the Hall angle. Additionally, upon analyzing the data ob-
be avoided by an additional pair of potential-sensing electained onn-type GaAs, we have obtained the mobility inside
trodes, the latter one represents a serious difficulty: the estkurrent filaments in the low-temperature breakdown regime,
mation of the depletion layer thickness based on the standaihere to our knowledge reliable data have not been available
theory'*is questionable due to the uncertainty in the elecSO far. In this regime classical Hall-effect measurements are
tron distribution functiort® Therefore, only the lower limit inapplicable due to the inherent inhomogeneity of current
of the electron density can be calculated in our case, yieldin§oW and the uncontrollable influence of metallic potential
minimum impurity ionization degrees of 0.18 and 0.79 for ProPes on self-organized current filaments.

sample Nos. 1 and 2, respectively. The authors are indebted to E. Sthel. Kostial, and H.

In conclusion, we have demonstrated that the visualizaFrank for helpful discussions. Financial support by the Deut-
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