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Electron mobility measurement in n-GaAs at low-temperature impurity breakdown
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Using a combination of the standard Hall technique and the photoluminescence imaging of galvanomagentic
transport, free-electron density and mobility have been measured in the regime of filamentary current flow after
the electric breakdown afi-GaAs at the temperature of liquid helium. The data show good agreement with
those acquired by the geometrical magnetoresistance effect and by the optical Hall angle measurement. By
comparing the mobilities obtained by independent techniques, arguments have been found indicating signifi-
cant neutral impurity scattering in the post-breakdown regime. In the pre-breakdown regime variable range
hopping has been concluded as the dominant transport mechanism.

INTRODUCTION EXPERIMENT

. Experimental setu
Although the occurrence of current controlled negative P P

differential conductivity(SNDC) in n-GaAs and other mod- ~ The measurments were performed on samples cut from
erately doped semiconductors at liquid-helium temperature@v0 different layers grown by molecular beam epitaxy
has been known for many yedr&gexplanation of its mecha- (MBE) on semi-insulating substrates. The first layeB)
nism is still a matter of controversy. While there is no doubthad an effective donor concentratidiy=2.6x 10°cm™>
that the impact ionization of shallow impurities is the sourceand electron mobilitys=41000 cm?/V's at 77 K, the sec-
of the order-of-magnitude increase in the conductivity, vari-ond layer(PC) was less dopedy} =1.9x 10> cm™3, yield-
ous processes have been proposed to explain the simultédg a higher mobility ofx=43000 cm?/Vs at 77 K but
neous decrease of the sustaining electric field, which leads @lso a higher compensation ratio. Other parameters of the
the observed current bistability. For example, some authorgaterial are summarized in Tabl@). Two different sample
assume decreasing efficiency of the hot-electron capttire, geometries were prepared from each layer: bar-shaped
while others take account of the increase of electron mobilitysamples with source and drain contacts on the short edges
due to the screening of ionized impuritiesr due to the and four potential sensing dot contacts inside, and wide rect-
electron overheating effeétNevertheless, so far the greatest angular samples with two stripe contacts along the long
theoretical attention has been paid to the model of two-level
gene.ration-recombinatipn kinetFJsan_d to Monte-(?arlo Cf"‘" TABLE I. (a) Material parameters an@) sample dimensions.
culation based generalizations of this motfef This is pri-  7pe layer thicknesses in brackets correspond to the nondepleted
marily due to the fact that the latter approach has beeparts of the epitaxial layer@®ef. 17. Lsp denotes the source—drain
proven to yield a solid theoretical basis for the explanatioryistancew, the sample widthd, andd,, are the distances of the
and modeling of the spontaneous formation of current carrypotential contacts in the longitudinal and transverse directions, re-
ing filaments\**avhich is characteristic in the post- spectively, and, is their diameter.
breakdown regime afi-GaAs(Refs. 13—15and SNDC ma-
terials generally® (@

In spite of the almost quantitative agreement between numaterial PB PC
merical simulations and filament imaging experiments
little experimental data are available on the transport para

miaver thickness gm) 4.3(3.) 4329

eters of the carriers in the filamentary regime. In this papefo at 77 K (16° cm™?) 3.1 2.5
we report on measurements of electron mobility and densit)a at 77 K (16° cm™) 0.5 0.6
in the vicinity of the electric breakdown of-GaAs. At first  # at 77 K (16 cn?/V's) 41 43
we will analyze the results of standard Hall measurement (b)

with regard to the inherent _mhomogenelty _of_ the Cu”e”tSample geometry 1 2
flow. The results corrected with respect to this inhomogene-

ity will be shown to agree with the data obtained from theDesignation Hall magnetoresistance
geometrical magnetoresistance effect. Then, the optically gy (mm) 3.65 1.05
and electrically detected magnetoresistance data will be cony, (mm) 1.5 4.2
bined to yield information about the electron-scatteringd, /d,; (mm) 2.7/0.9

mechanism. Finally, some conclusions will be drawn regardeC (mm) 0.15

ing the pre-breakdown conduction mechanism.
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high currents. Figures(&)—1(g) show three images at the
same current well above the vertical part of the charac-
teristic. Growing bright parts of the low-conducting phase
can be seen in the sample corners upon increasing the
magnetic-field strength, Figs(fl1 and Xg).

Due to the inherent inhomogeneity of the conductance
demonstrated above, it is obvious that the standard technique
of obtaining the carrier mobility by measuring the Hall volt-
age is not applicable without further considerations. Prima-
rily, the presence of multiple filaments must be excluded
and, secondly, a conducting connection must be ensured be-
tween the current filament and the potential sensing elec-
trodes. This latter requirement is difficult or even impossible
to fulfill in the standard geometries like clover leaf or Hall
bridge, where the potential contacts sit beside the current
path?! Therefore, we decided to put two pairs of small dot
contacts into the sample interior to measure the longitudinal
and the transversg@all) electric fields.

(d) (e) (® (9)

Simulation-based interpretation of measurements

FIG. 1. (a), (b) Examples of filamentary current flow Bt=0. In desianing th | v tw . ts h
(c) Conductance vs electric-field strength dependence for 1.8 ange n designing the sample geometry, two requirements nave

4.2 K. (d) Example of filamentary current flow in a perpendicular en taken mtq a_ccognt: contact_s_pa_cmg had .to be mucfh
magnetic field.(e) — (g) Filamentary current flow at sample filling greater than their size in order to minimize local-field effects;

current without(e) and with (f) and (g) magnetic field. on the other hand, the length-to-width ratio of the sample had
still to be great enough to approach the ideal Hall-bar con-
ditions. Both restrictions can be obeyed only to a certain
edges. The former geometry was used for standard Hall meggactical degree. In order to interpret experimentally acces-
surement(samples PB1, PQlthe latter for the magnetore- gjple data in terms of transport parameters, a numerical simu-
sistance measureme(gamples PB2, PG2Dimensions of |ation of current flow in the real sample geometry has been
the samples are described in Tab(e)! performed. The model according to Refs. 15 and 22 has been

Simultaneously with the electrical measurements, the spajsed, based on the Drude formula for drift transport in
tial current distribution was imaged by the technique of pho-crossed electric and magnetic fields:

toluminescence quenchirfy. Typical examples of filamen-

tary current images are seen in Figga)land 1b). The _ 1 —tan®y)

current is concentrated in sharp-bordered conducting chan- j=byeun tan®,,) 1 : (1)
nels, appearing as dark vertical stripes connecting the current :

contacts, which are schematically sketched at the bottom artdere j=(j.j,) is the current density in the plane of the
the top of the image in Fig(&). Inside the current filaments semiconductor film€= (&, &) is the electric field® is
obvious neckings are seen as the current passes the higtilye Hall angle, and ta,,) = uB,. B, is the normal mag-
conducting areas of the floating dot contacts. An analogousetic field,e, n, andu are, respectively, the electron charge,
filament-pinning effect may be observed also due to materiaélectron density, and mobility in the case of zero magnetic
imperfectionst®?°The arrangement of filaments in Figgal ~ field, anduy=ryu is the Hall mobility. The dimensionless
and Xb) are obtained for the same current. This demonstratesoefficientsb,, andr,, (Hall factor) depend on the carrier
that under identical external conditions many possible geoscattering mechanism and will be discussed later. This trans-
metrical configurations of current carrying filaments can beport equation is used when numerically solving the continu-
found in the the post-breakdown regime. Correspondinglyity equation,V -j=0, along with the Dirichlet boundary con-
multibranched current-voltagd ) characteristics are ob- ditions on the contact edges, and Neumann boundary
served. In Fig. {c) only one such brancftfor two different  conditions on the sample sides and the filament boundaries.
temperaturesis shown, which can be reproducibly obtained Inside the potential contacts, enhanced conductility a

by increasing monotonously the bias voltage at some specifiactor of 100 is assumed.

value of the bias resistghere 20 K)); the characteristic is In Fig. 2@ an example of the solution of the above prob-
plotted in terms of the sample conductance and the drivingem is shown, assuming that the current flow is nonfilamen-
longitudinal electric field. The vertical part of the character-tary, i.e., spread across the whole sample. This situation ap-
istic reflects abrupt changes in the filament arrangement, ggies well to measurements in the pre-breakdown regime.
well as the continuous growth of filament width€® The  Varying the magnetic-field strengtfappearing only as the
sample conductivity becomes almost constant as the wholdall angle ®, in the mode), it is possible to acquire the
width of the sample becomes filled with the high-conductingcorresponding values of voltagels andU accross the lon-
phase. Upon applying a perpendicular magnetic field the filagitudinal and transverse pairs of potential contacts, respec-
ments are bent and tilted due to the Lorentz fdrtas seen tively. Thus, a conversion function can be constructed as
in Fig. 1(d). A significant deformation of the high- shown in Fig. 2c), which replaces the simple linear depen-
conducting area in a magnetic field occurs even in the case afence tan®,)=Uy/U,d,/dy valid in the case of the ideal
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2 - —— FIG. 3. Measured Hall mobilities and electron densities in the
: ‘ post-breakdowr{upper partsand pre-breakdowflower parts re-
gimes. The data were corrected to allow for the real-sample geom-
_ ‘ _ ; etry with the filamentarypost-brekdown regimeand the nonfila-
"""" C w77 ideal Hall-bar mentary(pre-breakdown regimecurrent flow. Solid circles belong
: : : to sample PC1, open circles and crosses to sample PB1. Crosses
correspond to 1.8 K, all other points to 4.2 K.
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U0 | of homogeneous conductivity, the solutions—and therefore
© the conversion function—are not freely scalable with the
bias voltage. Therefore, they have been computed for the
FIG. 2. Calculated distributions of field strength in the real experimentally feasible situation in which the filament width
sample geometry at Hall angle t&()=1. (a) Homogeneously is set equal to the sample width Bt=0, and the corre-

conducting sample(b) Sample with partially confined filament; sponding current is then kept constant when varying the
note the constant field strength along the free filament bour(dary magnetic field.

value is normalized to unity in the gray scaléc) Hall angle® vs

measurable voltage ratio for the ideal Hall-bar geomesylid

line), and for the nonfilamentarglower-crossed lineand the fila- RESULTS AND DISCUSSION
mentary(upper crossed linecurrent flow in the real sample geom-
etry. Hall-effect measurement

The Hall mobility and electron density acquired by the

Hall-bar geometry q, /d,, is the geometry factor, see Table above procedure are plotted in Fig. 3. The most striking re-
1). This function, in the form of a fitted polynomial, is used Sult is the order-of-magnitude difference in the measured
below to evaluate the mobility measurement in the pre/nobility before and after the breakdown. At first sight, it
breakdown regime. Fitting coefficients for the sample dimensS€ems that the Brooks-Herring formula for scattering on ion-
sions used are shown in Table II. ized impuritie€® is enough to explain this jump in mobility

In the post-breakdown regime, the filamentary currenf@s it predicts a significant increase in the relaxation time with
flow—unavoidable in a magnetic field—has to be taken intdncreasing free-electron density due to the more effective
account by releasing the boundary of the conducting are&creening of the scattering potential. Moreover, the relax-
from the boundary of the Samp'e_ The position of the fre@tlon time Of |0n|Zed Impurlty Scat'[el’lng rises W|th Increas-
boundary is then sought in an iterative procedure, until aind electron energy. _
additional boundary condition of critical electric-field ~ There are, however, several reasons to asses the experi-
strength on the filament boundary is fulfilléd?? An ex- ~mental results in pre-breakdown regime critically. First of
ample of such a solution fd®,= 7/4 is shown in Fig. g).  all, it proved impossible to obtain reasonable pre-breakdown
Again, a conversion function ta®(,)=f(U,/U,) can be data at 1.8 K. Though the conductance was still in a well
constructed, as shown in Fig(c; coefficients of its polyno- Measurable range as seen from Figr),lthe Hall voltage

mial representation are in Table II. Unlike the previous casé@nk under the noise level even at magnetic fields of 1 T.
Second, in a distinct range of magnetic fields, both samples

exerted negative magnetoresistance with a minimum of
about 0.5% below the magnetic-field free resistance at 4.2 K.
Third, the temperature dependence of the pre-breakdown
conductance is definitely not compliant with the activation

TABLE II. Polynomial coefficients of the conversion functions
in the form tan@y)=a,Uy /U, +as(Uy,/U))°3.

A1 8 law for the equilibrium free-electron density. Apparent acti-
Ideal Hall bar 3.07 €d,/dy) 0 vation energy was about 0.5 meV, being an order of magni-
Homogeneous 3.34 4.41 tude less then the expected value for shallow donors. Based
Filament 418 8.59 on the above arguments we suppose that the apparent Hall

mobility determined at 4.2 K in the pre-breakdown regime of
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Very good agreement can be seen with Hall mobilites ob-
tained by the standard Hall measurement according to Fig. 3.
Simultaneously with increasing Hall angle the resistance
of a wide sample rises mainly due to a prolonged current
path, which is referred to as geometrical magnetoresistance.
Using Eq. (1) and assuming vanishing transverse electric
field, the following equation can be obtained for the sample

resistancer:
FIG. 4. Geometrical magnetoresistance effect in the filamentary
regime of current flow. In the images on the right, the magnetic R(B,) w(B,) [1+tan®,)?]¥? @
field rises from the top to the bottom as follow,=29, 103, and = . 2
211 mT. Ro W bul 1+ (rpoc(7))?]

. o ] HereR, andwg denote sample resistance and filament width
both samples is due to the combination of the drift transport g — 0, respectivelyw. is the cyclotron frequency, and

and variable range hopping. The latter mechanism is knowp,y s the electron momentum relaxation time averaged over
to yield extremely low Hall-field values, negative magne- e electron energy distribution. The left-hand side of @y.
toresistance, as well as a specific temperature depeRaun further be simplified to the sample voltage ratio

4-26
dence”’ _ N U(B,)/U,, if a linear dependence of the filament width on
In the post-breakdown regime, the Hall mobilities of both o current is taken into accoliitts Factorsby, andr, are
samples increase to the same as or even above the values,aly fnctions ofr

77 K. Moreover, there is no difference between values mea-

sured at the helium bath temperatures of 4.2 and 1.8 K. This T

agrees with the theoretical result of Gaiaal.!° determining by= <m> (n7 1, (3a)
the electron temperature inside a current filament to be much o7

higher than the lattice temperature. An obvious splitting of 2 - -1

the transport parameters of the two samples in the filamen- fH=< 2>< 2> (ry L. (3b)
tary regime should also be noticed, contrasting to their very 1+ (wc7) 1+ (wcT)

similar values at 77 K.

From the quantities in Eq2), only the denominator on
_ _ the right-hand side is not directly accesible by the experi-
Hall-angle and geometrical magnetoresistance measurement 1 ant. Combining the optically measur€, with the elec-

In crossed electric and magnetic fields, the direction of thdrically measured sample voltage, experimental values of the
current flow is deflected from the electric-field direction by expression in the denominator can be obtained. Suprisingly,
the Hall angle®, according to Eq(1). If not constrained by  within the few percent accuracy of the angle measurement
the sample edges, stripelike current filaments follow thigthis expression is identically equal to one in the whole range
angle, allowing us to measure the Hall angle directly by aof the applied magnetic field. Assuming the low-field limit
protractor from the photoluminescence ima§€ig. 4. Such  (w.7)?°<1, the denominator can indeed be shown to con-
a measurement is independent of the sample current and filgerge to one. However, as seen from Fig. 5, the product
ment width. Hall mobilities for samples PB2 and PC2, ex-uyB; clearly exceeds unity for the highest magnetic fields
tracted from the measured Hall angles, are plotted in Fig. 5used, and the weak-field condition is thus not generally valid.

Analogously to the Hall factor, two other conditions can be

6 , . , found, independently making the denominator expression

) ; ; converge to unity. Either the energy distribution function is
S-shaped, projecting out only one discrete valueroby
averaging over the energy, or the relaxation tims energy
independent. The former possibility does not seem to apply.
Though the electrons in filaments are hot, a moderate purity
of the material as well as a relatively low electric field make
the energy distribution rather broad. Also the Monte-Carlo
simulations of the post-breakdown transportnirGaAs re-
veal merely an increase in the high-energy tail of the distri-
: : : bution function?®
T S oo S On the other hand, arguments can be found in favor of
: : : neutral impurity scattering, which is characterized by a dis-
persionless momentum relaxation tiffe? First, in doped
GaAs at low temperature the rate of this process exceeds that
of the lattice-scattering mechanisfisand may become a

FIG. 5. Hall mobilities extracted optically from the Hall angle mOb'I'gty limiting process if ionized impurity scattering is
(single dot3, and from the magnetoresistanelid lineg; the mag- ~ Weak™ Second, the concetration of neutral impuritidlg;
netoresistance data were evaluated by @3, assuming the de- ~Np~Np—N,—n can be obtained using the data of Table
nominator on the right-hand side was equal to one. Solid circled and the post-breakdown electron densities according to Fig.
belong to sample PC2, open circles to sample PB2. 3. The ratio of these concentrations in the layers PB and PC,

(m?/Vs)

My
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which is equal to the ratio of neutral impurity scatteringimaging. Magnetoresistance measurement in the same
rates, is approximately two. This value is close to the inverssample has proven to be a third method to confirm exactly
ratio of the corresponding mobilities, which is approximatelythe Hall-mobility data.

1.7 according to Figs. 3 and 5. Applying Erginsoy’s formula  An independent knowledge of the Hall angle and the
for the relaxation raté® and estimating the mobility ag magnetoresistance data for the same sample offers a unique
=ery,/m*, absolute values of mobilities can be obtained ofway to extract information about the scattering processes.
4x10* and 8<10* cn?/V's for layers PB and PC, respec- Comparing the corresponding measurements we found argu-
tively. These lie in reasonable proximity of the experimentalments that indicate a significant role of neutral impurity scat-
data, if the finite accuracy of the entering parameters and tering in the current filaments.

further decrease of mobility due to the combined effect of In the pre-breakdown regime, the Hall signal was found to

other scattering processes is considered. collapse at temperature of 1.8 K. Supported by negative
magnetoresistance and a specific temperature dependence of
CONCLUSIONS the conductivity we conclude that varibale range hopping is

the dominant transport mechanism in this regime.
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