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Electron-heating measurements are used to compare the form of the electron—phonon interaction in
two-dimensional, and quasi-one-dimensional, InGaAs quantum wires. Evidence for a strongly
enhancednteraction is found in the quasi-one-dimensional wire, and is suggested to result from the
presence of the singularities in its electronic density of states. The Bloch—Gruneisen criterion is
easily violated in this wire, and its energy-loss function is found to show a weak temperature
dependence, which is argued to result from a saturation of scattering processes in the uppermost
one-dimensional subband. @002 American Institute of Physic§DOI: 10.1063/1.1495089

The electron—phonon interactiofEPI) provides the formed at lattice temperature${) in the range of 0.01 to 10
dominant means for energy exchange in electron transpork, using drive currents that varied from 0.1 to 100 nA.
and is crucially important to the operation of hot-electron Fig. 1 shows the magnetoresistance of the 600 nm wire
devices! In polar semiconductors, the interaction at low tem-at a set of different lattice temperatures. Shubnikov—de Haas
peratures may involve the deformation potential and the pi-
ezoelectric interaction, both of which are influenced by elec-
tron screening. In nanostructures realized from these 3000
materials, these interactions may be further modified by the
resulting confinement of electrgor phonon motion. In this
letter, we use electron-heating measurements to compare the
form of the EPI in two-dimensional and quasi-one-
dimensional InGaAs quantum wires. Evidence for a strongly
enhancednteraction is found in the quasi-one-dimensional
wire, and is suggested to result from the presence of the
singularities in its electronic density of states.
A wire of width 600 nm and length 4m was formeé
by photolithography and wet etching in an
INg 54Gay 47AS/INg 5Al g 4AS  delta-doped quantum  well,
grown on semi-insulating InP. Thiguasi-two-dimensional
wire (see the discussion belpwras employed as a reference
structure, to compare with the heating characteristics of a ' : '
) . 1 1.5 2 25 3
much narr.ovye(25 nm, trench—typez wire, whose fabrlcathn MAGNETIC FIELD (TESLA)
and equilibrium-transport properties have been described
previ0u5|y_3 Both wires were mounted in contact with the FIG. 1. The magneto-resistance of the 600 nm wire at three different lattice
mixing chamber of a dilution refrigerator and measurementdmperaturesTy). Traces at 3.4 and 5.2 K are offset BS0 and-5004},
° - . respectively. A constant current of 5 nA was used in all three measurements.
of their magnetoresistance were made using standard lockifset: dependence of the Shubnikov—de Haas oscillation amplitude on lat-

(11.5 H2 techniques. The measurements here were petice temperaturéfilled circles and curren{open circles The amplitude is
normalized to the value obtained at the lowest temperature, or current, re-
spectively, and the data points are an average over the range from 2.5 to 4.0
¥Electronic mail: bird@asu.edu T. Solid lines are guides to the eye.
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TEMPERATURE (K) FIG. 3. Variation of the energy-loss rate with temperature in the 600 nm

éopen circlesand 25 nn(filled circles wires. In the inset we replot the data

FIG. 2. Main panel: dependence of the conductance fluctuation amplitud
P P P or the 25 nm wire to show th&* variation of F(T).

on lattice temperaturéilled circles and currenfopen circlegin the 25 nm
wire. Inset: temperature dependence of the magnetoresistance of the trench-

;yr?de gvgeérzhsﬁ?;a;;r;mfg’t ;ﬁ&rigt k"}'isrgétgcﬁi\?;s_ the curves at 2.4, 1‘?’ In Fig. 3, we ;ummarize the results of our heating stud-
ies of the two wires by plotting thenergy-loss rate per
electron in the wireas a function of the electron temperature.

oscillations are clearly seen at higher magnetic fields and arghe energy-loss rate is simphR/nWL, wherel is the

used to infer a carrier density;=2.6x 102 cm 2. The os-  drive current,n is the carrier density, anR, W, andL are
cillations showno deviation from inverse-field periodicity at the average resistance, the width, and the length, of the wire,
low magnetic field$, indicating that the quasi-one- respectively. The open symbols in Fig. 3 are for the 600 hm
dimensional levels of this wire are energetically obscufgd  wire, while the solid symbols are for the 25 nm wire. Since
temperatures below-3 K, the Shubnikov—de Haas oscilla- the values ohg andW cannot be determined directly for this

tions onset at a temperature-independent magnetic field afire, we instead assume g=3x102cm 2 and W

~1 T. Equating this with the point at which the cyclotron =25 nm, which our recent studies of InGaAglge-type

orbit begins to fit inside the wire, we estimate an effectivequantum wire$ suggest should be reasonable estimates. For

width of ~500 nm, suggesting that the wet etching of thisthe purposes of the discussion below, however, we note that
wire gives rise to a total sidewall depletion of 100 nm. Fromthese choices fong and W will not affect the functional

the zero-field resistance of the wife 1260()), we estimate dependence of the energy-loss rateTan

a wire mobility of 15300 crffVs. The data of Fig. 3 suggestraodifiedEPI in the 25 nm

To study electron heating in the 600 nm wire, we use thewire, and our discussion is based on an analysis of the

Shubnikov—de Haas effect as an electron thermometer. Aanergy-loss functiarThis is expected to exhibit the polyno-

increase of the drive current at fixed lattice temperature promial form F(T)=AT", where the constarh and indexn

duces a decrease in the oscillation amplitude, similar to theeflect the details of the relevant EPI mechanfsthThe
effect of increasing the lattice temperature. By comparing thelectronenergy-loss ratés then given by

current-induced change in the oscillation amplitude to that _

which arises when the temperature is varied with only a P(T)=F(Te)=F(To). @

small drive currentFig. 1, inset, we can infer the current We begin by considering the behavior exhibited by the 600

dependence of the electron temperatufg) (for this wire.  nm, two-dimensional, wire. The line through the open sym-

We return to a discussion of this data shortly. bols in Fig. 3 is a fit to the form ofAT", with A

In contrast to the above behavior, the magnetoresistance 34.5 eV s 'K~ andn=5. For the temperature range stud-
of the 25 nm wire is dominated by reproducible fluctuations ied here, we expect that the Bloch—Gruneisen criterion

(Fig. 2, inset, which result from a quantum interference should be satisfied for the 600 nm wire. The condition for

effect Due to its extremely narrow width, no evidence for this limit may be expressed ag;<2kr, where gt

the Shubnikov—de Haas effect is found in this wirdow- =2.8gT/hu is the wave vector of a thermal phonon anis

ever, it is known that we may use the fluctuat@mplitude the sound velocity, indicating that the EPI predominantly in-

as an electron thermomefem the main panel of Fig. 2, we volves scattering events witmallmomentum transfefDue

plot the variation of this amplitude with temperature andto a lack of experimental data for InGaAs, we assume that

drive current, and this data allows us to infer the currentis in the range of 3 to 510° ms 1) The investigated tem-

dependence of the electron temperature in this wifdle  perature range also corresponds to the limitveakscreen-
current variation was determined at a cryostat temperature afg, the crossover to which is defined by the condition

1.6 K. As can be seen from the main panel of Fig. 2, thegtAs~1. Assuming a Bohr radius\¢) for InGaAs of 9.5

fluctuation amplitude does not increase significantly belownm, weak screening is expected for temperatures abdve

~1K) K. We therefore suggest that the obseri@dvariation in the
Downloaded 23 Apr 2003 to 141.217.203.226. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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600 nm wire results from electron scattering from the  C, is the electron heat capacity and should depend only
screened deformation potentialThe energy-loss function weakly on temperature for nondegenerate filling of the up-

due to this mechanism is predicted to take the f6fm: permost subbanda weak power-law variation of (T) is
5 .o 12 expected in this regime. Indeed, in the inset to Fig. 3, we
Fu g=Ay g s_68L(5)kg m*eU” @) show thatF(T) in the 25 nm wire is well described byTd*
u— u—

27 nPput

Here, { is the zeta functionp is the mass density= 5.4
gcm 9),° and U is the deformation potential. For InGaAs,
we takeU=16 eV!° and assume a sound velocity=3.3

% 10° ms ! (this latter value is that for InGaP, whose acous-
tic parameters are similar to those of ING&AsIn this way,

dependence, implying th&t.=T%4 consistent with the no-
tion of an EPI interaction that is dominated by electron scat-
tering in the weakly degenerate uppermost subband.

In conclusion, we have used electron-heating measure-
ments to study the form of the EPI in two-dimensional, and
quasi-one-dimensional, InGaAs quantum wires. Evidence for
a stronglyenhancedEPI was found in the narrower wire and

H — 1l —5
Wﬁ.cfr']n.d .‘;‘ pre;zgﬂfgr'i‘”i‘t’h_ (';%0 ef\r/]g K fo f:ﬁ? 6(E)g.n(ni)’ e has been suggested to result from the strong backscattering
which 1S in agr nt WIth our Tindings for WIT€ ot electrons due to the singularities in the one-dimensional

(see F'g'.a For completeness, hoyvever, we should.pomt O.Utelectronic density of states. An energy loss function with a
that the influence of nonparabolic energy bands is not in-

luded in Eq.(2), and be i tant for th I weak power-law indexr{~1.4) was also found for this wire
fal:e?n Ilrr:Ga?A's » and-may be important for the energy-1oss 5,4 has been argued to be consistent with a saturation of

) — electron backscatterin rocesses in the highest occupied
A comparison of the data in Fig. 3 reveals that, over the gp g P

) . one-dimensional subband.
range of temperature studied, the energy-loss rate is larger In

the narrow wire, consistent with an enhanced EPI in this  Work at ASU was sponsored by the Office of Naval

structure. Such an enhancement has actually been predicteésearch(J.P.B. and D.K.F. and by the Department of

for narrow wires, due to the singularities in the quasi-one€nergy NSET prograni).P.B).
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