
PHYSICAL REVIEW B 15 APRIL 1997-IVOLUME 55, NUMBER 15
Observation of giant oscillations in the phonon-induced conductivity of a GaAs quantum wire
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We have made phonon measurements of the electron-phonon interaction in a long quantum wire using the
phonoconductivity technique. The wire was formed in a GaAs/AlxGa12xAs heterojunction using the split-gate
method. It was subjected to a pulsed beam of nonequilibrium phonons generated by a heater on the opposite
side of the substrate. The incident phonon pulses caused a transientincreasein the device conductance. The
strength of the detected signal displayed giant oscillations as the wire was narrowed by increasing the negative
bias on the gate. We give a qualitative account of these observations in terms of phonon-induced delocalization
of weakly localized electron states in the wire.@S0163-1829~97!01715-3#
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Electron-phonon interactions play a central role in the
havior of semiconductor devices. Energy relaxation by
electrons is predominantly through phonon emission w
electromagnetic radiation contributing only a very small pa
Furthermore, phonon scattering processes dominate the
tron mobility in high-quality devices at all but the lowe
temperatures. Reducing the dimensionality of the electro
system can greatly affect the carrier-phonon interaction
cause it imposes restrictions on the available phase spac
electron scattering. This means that, at low temperatu
electrons in low-dimensional devices are less efficient at
laxing energy. The interaction of one-dimensional~1D! and
quasi-1D electrons with acoustic phonons has been con
ered in several theoretical papers; see, for example, R
1–5. However, to our knowledge, until now there have be
no direct phonon experiments on these systems despite
fact that such experiments provide one of the best way
obtain detailed information about the electron-phonon in
action in low-dimensional systems; for a review see Ref.

Besides providing information regarding the electro
phonon interaction, phonons can be used to spectroscopi
probe the electronic states in low-dimensional devices.
phonoconductivity technique has recently been used to s
edge excitations in the integer quantum Hall regime7 and
excitations in the fractional quantum Hall state.8 In this paper
we describe such measurements on electrons in a long q
tum wire ~by ‘‘long’’ in this case we mean that the chann
length exceeds the electron mean free path in the t
dimensional electron gas from which the device is fab
cated!.

The experimental sample, see Fig. 1, was based o
GaAs/AlxGa12xAs heterojunction having a two-dimension
electron gas~2DEG! density of 4.431015 m22 and 4.2-K
mobility of 100 m2 V21 s21 ~both after illumination!. A
231-mm area of 2DEG was defined by etching a
130.5-mm Ohmic contacts were fabricated at its en
Above the center of the device a TiAu split gate was fab
cated using electron-beam lithography. The gap in the g
structure was 10mm long and 400 nm wide. A 100310-mm,
50-V CuNi thin-film heater was vacuum deposited on t
550163-1829/97/55~15!/9775~4!/$10.00
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polished back face of the wafer, opposite the center of
device. Infrared front-to-back alignment was used to ac
rately position the heater directly opposite the gate split w
their long axes perpendicular. The sample was mounted
cryostat under liquid helium at 1.3 K. Nonequilibrium
phonons were generated by applying short,'50 ns, voltage
pulses to the heater. In order to prevent spurious respo
due to electromagnetic pickup of the heater pulse by the g
a 1-nF low-impedance chip capacitor was used to decou
the gate at low temperature. The device source and d
were connected via a 1-m length of miniature coaxial ca
to a wide-band, high-input impedance preamplifier at ro
temperature. A constant bias current was passed through
device and phonon-induced changes in the conducti
showed up as a transient voltage signal at the preampli
This ‘‘phonoconductivity’’ signal was detected by means
a high-speed digitizer and signal averager.

In Fig. 2 is shown the gate characteristics of the dev
measured at a drain-source currentIDS of 100 nA: at a gate
bias voltageVG of about20.2 V the areas of 2DEG unde
the gate metallization are depleted of electrons leaving a
row channel. As the bias is increased the channel narr

FIG. 1. Sample arrangement for phonoconductivity experime
9775 © 1997 The American Physical Society
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further and its resistance increases. An inflection atRDS'13
kV is clearly seen; this value corresponds to quasiballi
transport through a region where there is only a single oc
pied 1D band.

The response of the device to a phonon pulse of 50
duration is shown in Fig. 3. In this case,VG520.5 V,
IDS5100 nA, and the heater excitation power,Ph520 mW
corresponding to a heater temperatureTh of 14 K. The initial
negative going spike is the residual breakthrough of the
citation pulse. The rising edge of the phonoconductivity s
nal starts about 80 ns after the start of the excitation pu
and continues for a further 200 ns. This encompasses
time of arrival of both the longitudinal acoustic and tran
verse acoustic mode ballistic phonons and also some of
phonons scattered in the substrate. The signal peak is
lowed by a long decay corresponding to theRC time con-
stant of the device and the cable connecting it to the prea
lifier, t'RDSCcable51 ms.

To minimize the effects of cross-talk from the heater e
citation pulse, the signal shown is the difference between
signals obtained with positive and negative device bias.
versing the bias has the effect of reversing the sign of
phonon signal but not the polarity of the electromagne
breakthrough. A further check that we were observing
effect of phonons and not pickup was made by reversing

FIG. 2. Two-terminal resistanceRDS and conductances of the
device as a function of gate bias voltage. Temperature51.3 K; bias
current5100 nA.

FIG. 3. Time-resolved phonoconductivity signal. The arrow
dicates the start of the 50-ns heater pulse.
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heater excitation voltage. This reversed the pickup but
the phonon signal, which depends on the power dissipate
the heater. There was no response in the absence of a
current, and so we discount the possibility that we were
serving a thermopower signal as seen in point contact
vices by Molenkampet al.9 The careful positioning of the
heater directly opposite the quantum wire ensured that in
mogeneous heating or phonon drag could not occur. Ano
possible source of the signals that must be discounted is
the nonequilibrium phonons are being thermalized in
GaAs wafer and the quantum wire is simply working as
thermometer measuring substrate temperature changes
have made steady-state measurements of the wire con
tance as a function of equilibrium temperature between 2
4 K; see Fig. 4. In this temperature range the conducta
increased with increasing temperature, which is consis
with the polarity of the phonon signal. However, the size
the conductance changes we measured were tiny, of ord
mS K21 at VG520.54 V. The amplitude of the phonon sig
nal at Ph520 mW and the same gate bias is 4mS, i.e.,
equivalent to an equilibrium temperature change of 4
Considering that the energy delivered in a single pulse
mere 1 nJ, the pulse repetition rate is 100 Hz and the sam
is immersed in superfluid liquid helium, it is inconceivab
that the substrate temperature could increase by as much
K. In fact, measurements made using a conventional su
conducting bolometer instead of the quantum wire as
detector showed temperature changes of the order only
mK. So, having eliminated the possibilities of the signal b
ing due to electromagnetic breakthrough or bulk heating,
must conclude that the electron system is absorbing en
directly from the nonequilibrium phonons and, owing to
small heat capacity, it is heated well above the subst
temperature.

It is interesting to note that the polarity of the signal im
plies anincreasein conductance~decrease in resistance! of
the device when the phonons are incident. This effect is c
trary to what would be expected in the case of an ideal b
listic quantum wire with the equilibrium conductanc
s5e2N/p\, whereN is the number of occupied subbands.
that case phonons cause additional backscattering of e
trons decreasings, as was considered quantitatively for the

FIG. 4. Dependence of device conductance on equilibrium te
perature at two values of gate bias.
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mal phonons in Ref. 10. The theory in Ref. 10 can be g
eralized to our case of nonequilibrium phonons but the re
is a priori evident: that is, the phonons will cause a decre
in the conductivity~increase in resistance! in stark contradic-
tion to our observation.

To account for the observed increase in conductance
must take into account the effects of elastic scattering
impurities and imperfections in the wire. There are two
ternative approaches to this problem: we may either think
terms of individual scattering events described by the ela
mean free pathl i ,

11 or consider the effects of weak localiza
tion characterized by the phase relaxation lengthLf .

12,13The
most appropriate approach depends on the relation betw
l i , Lf , and the wire lengthL. For both models it has bee
shown14 that additional scattering due to the nonequilibriu
phonons will increasethe wire conductivity. For individual
scattering it is caused by the decrease of Coulomb scatte
with the increase in electron energy~or effective electron
temperatureTe! due to phonon absorption, while in the co
dition of weak localization, inelastic phonon scattering w
cause a partial delocalization of carriers, formally describ
as a decrease inLf . In the case of thermal phonons the
effects lead to the increase ofs with temperature, which is
also observed in our experiments.

Of course, the effects described above can take place
in structures where the influences of elastic scattering
localization are considerable under the particular experim
tal conditions. This manifests itself in a strong deviation
the low-temperature equilibrium conductivity of the wire
a function of electron concentration from an ideal stepw
one. For our sample this is just the case; see Fig. 2. We
observed negative magnetoresistance and suppression o
phonoconductivity upon application of a weak magnetic fi
~B<0.1 T! to the sample. Both of these effects point to we
localization as being the most important effect in this p
ticular sample.

Figure 5 shows the amplitude of the phonoconductiv
signal as a function of the gate bias voltageVG . Also shown
for comparison is the derivative of the two-terminal condu
tance of the device; the peaks indicate the positions of
conductance steps, which are harder to see in a normal

FIG. 5. Phonoconductivity as a function of the gate bias
Ph53.2 mW ~curve 1! andPh520 mW ~curve 2!. Also shown is
the derivative of the device conductance as a function ofVG

~dashed line!. The bold arrow indicates the position of a peak b
lieved to be due to intersubband transitions.
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ductance plot. The phonoconductivity signal exhibits gia
oscillations with increasing negative gate bias~reducing wire
width! with peaks occurring when the Fermi energyEF is
close the edge of any 1D bandEN , i.e., at gate voltages
corresponding to the weak steps ins. Its amplitude is ex-
pected to be proportional to the number of absorb
phonons. Since the density of states in 1D systems ha
strong maximum near the subband edges, the phonon ab
tion is maximal whenEF approachesEN . The peak heights
increase with the power applied to the heater as should
expected, however, the increase is slower than if the
sponse were purely bolometric~directly proportional toPh!.
One possible reason for this is that phonon scattering in
GaAs substrate is attenuating the high-frequency phon
generated at high heater temperatures. However, in
0.4-mm semi-insulating GaAs wafers used here, the effe
of phonon scattering only start to become significant
heater temperatures over 10 K. This is above the heater
perature at which the wire response first deviates from bo
metric behavior~'3 K!. The form of the heater power de
pendence of the signal is consistent with there being a cu
in the electron-phonon interaction at phonon frequenc
above about 200 GHz. Owing to their confinement in t
structure, the electrons interact mainly with the low-wav
vector~low energy! phonons in the approximately Planckia
heater spectrum. The integrated phonon flux in a restric
part of the spectrum well below its peak at'3kBTh/h does
not increase in direct proportion toPh .

One peak, indicated by the arrow in Fig. 5, behaved rat
differently from the rest. It was seen to increase in amplitu
more rapidly in proportion to the others as the heater po
was increased. The position of this peak does not appea
correspond to a step ins, instead it seems to fall betwee
two. We propose that this peak may be due to phon
induced intersubband electronic transitions. For absorp
of near normally incident phonons that we consider he
there is only a small change in the electron momentum al
the length of the wire. Hence the interband transitions
close to vertical. The dependence of the peak height
heater temperature should therefore show thermally activ
behavior, i.e.,}exp~2D/kTh! for D.kBTh , whereD is the
subband separation. This is indeed the case as shown in

FIG. 6. Intersubband peak height on logarithmic scale as a fu
tion of inverse heater temperature.
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6, from which we can determineD53 meV atVG520.55 V
~the heater temperature can be determined fromPh using
acoustic mismatch theory15!. Assuming that the confining
potential is parabolic in shape, the effective channel wi
can be determined fromw5(\2/m*D)1/2. We obtain a value
of 19 nm, which seems quite reasonable and is close to
value obtained from magnetotransport measurements on
same sample, 25 nm. We can only clearly resolve this in
band signal at the one value ofVG because at lower gat
biases the system is not sufficiently well quantized, while
higherVG the signal is strongly suppressed due to its ex
nential dependence on the square of the channel width.

In summary, we have observed direct phonon absorp
by electrons in a quantum wire structure using the phonoc
ductivity technique. The nonequilibrium phonons caused
.
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increase in the wire conductance and we attribute this
inelastic phonon scattering causing delocalization of wea
localized electron states. Giant oscillations in the phonon
sorption withVG followed the density of states at the Ferm
energy. We have also seen phonon-induced intersubb
electron transitions and from the temperature dependenc
the signal height have determined the effective width of
conducting channel at one value of the gate bias.
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