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Acoustic phonon-assisted tunneling in GaAsÕAlAs superlattices

S. A. Cavill, L. J. Challis, A. J. Kent, F. F. Ouali,* A. V. Akimov, and M. Henini
School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom

~Received 17 June 2002; published 31 December 2002!

Measurements have been made of the transient changes in tunnel currentDI through a biassed 50 period Si
doped GaAs/AlAs superlattice produced by pulses of nonequilibrium acoustic phonons. The biasVmax at which
DI is greatest varies linearly with the heater temperatureTh and hence with the dominant phonon frequency,
the SL is acting as a phonon spectrometer with a linewidth~HWHM! &kBTh /h;200 GHz ~0.8 meV! for
Th510 K. The spectral response was confirmed using the phonons that are scattered and hence delayed in their
passage across the substrate as a source of higher average frequency than those crossing ballistically. The
measured values ofDI (V) are compared with values calculated using a similar model to that of Glavinet al.
@JETP Lett.51, 191 ~2000!#.

DOI: 10.1103/PhysRevB.66.235320 PACS number~s!: 63.20.Kr, 63.22.1m, 66.70.1f, 72.80.Ey
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I. INTRODUCTION

In a semiconductor superlattice~SL!, the additional peri-
odicity of the lattice potential splits the conduction band in
a series of minibands of widthDm . If Dm*\/t, wheret is
the mean collision time, electrical conduction takes pla
through the minbands for small values of applied bias a
hence electric fieldF.1 However, at higher fieldseFNd
.Dm , where d is the SL period andN is the number of
periods, it is no longer possible for electrons to travel bal
tically from one end of the SL to the other and the eige
states become localized within a distancel;Dm /eF.1,2 This
localization splits each miniband into a ladder of levels se
rated byeFd which are well-defined ifeFd.\/t. These
ladder states, each centered on a different quantum
~QW!, are known as Wannier-Stark~WS! states3 and trans-
port takes place by tunneling~hopping! between them.4 If F
is large, so thatl;d, tunneling is essentially limited to
states centered on neighboring wells but in lower fields it
also occur to wells further away. The tunneling can eith
occur by an elastic process involving impurity or disord
scattering with the subsequent emission of one or m
phonons, or by inelastic phonon-assisted tunneling. IfDm
&\/t, most of the states will be localized within the QW
with transport taking place by tunneling between them for
values ofF.

The electron density in the wells, due both to the dop
and to charge movement under bias, can have the effe
replacing the single current peak in theI (V) characteristic of
undoped SLs by a series of peaks.1 This multi-peak structure
is attributed to the formation and expansion of electric fi
domains. At the first current peak, the system switches fr
a single domain of constant field throughout the SL to t
~or more! domains of significantly different field strengt
separated by a domain boundary which contains sp
charge to provide the field gradient. Miniband transport
curs in the low field domain if the scattering is not to
strong, while, in the high field domain, the potential ener
drop between neighboring wells iseFd;E22E1 (E1 and
E2 are the energies of the ground and first excited state
the well!, close to the condition for resonant tunneling. A
the bias is increased, a peak occurs in the differential c
ductance as the tunneling becomes resonant and this is
0163-1829/2002/66~23!/235320~11!/$20.00 66 2353
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lowed by a nearly discontinuous fall as the high field dom
suddenly expands by one period at the expense of the
field domain. The process is then repeated, leading to a s
of stable conductance peaks inI (V). The space charge aris
ing from doping is not always enough for stable domains
form, although these can still occur if, under bias, the cont
is able to supply enough additional electrons. If it is s
insufficient, however, domains can form but their bounda
is unstable. This results in oscillating currents so that
series of peaks inI (V) is replaced by a plateau. The perio
of the oscillation is equal to the time the domain bounda
takes to travel the length of the SL and the correspond
frequency can vary over a wide range depending on the
main velocity and the superlattice length.5,6

Phonon-assisted tunneling is a process in which the
neling of an electron or hole through a barrier or barriers
accompanied by the absorption or emission of a phonon~for
a recent review see Ref. 7!. An electron with wavevectork
and energyEk tunnels into a quantum well and a phonon
wavevectorq and energy\vq is simultaneously absorbed o
emitted. Phonon-assisted tunneling can occur both for o
modes, predominantly LO although much weaker T
phonon-assisted tunneling should also occur, and for acou
modes, both LA and TA. The LO phonon emission proce
appears as a satellite peak in theI (V) of resonant tunneling
diodes~RTDs! which was first reported in 1987 in a doub
barrier resonant tunneling diode~DBRTD!8 and shortly after-
wards in a triple barrier resonant tunneling diode~TBRTD!.9

However, in a superlattice, although LO phonon-assisted
neling contributes significantly to the transport currentI, no
satellite peak is seen in zero magnetic field but peaks ap
when fieldsB are applied parallel toI. The first measure-
ments of this type were by Higmanet al.10 A more detailed
investigation was made by Mu¨ller et al.11 who observed a
number of resonant peaks in the photoconductivity, some
which could be assigned to LO phonon-assisted tunne
between Landau levels.

Phonon-assisted tunneling involving acoustic modes
not immediately apparent in theI (V) characteristics of RTDs
and SLs. However, the process can be seen using differe
techniques; techniques in which a change inI (V) is pro-
duced by a change in phonon occupation number at the
vice. This was the approach used in both the first observa
©2002 The American Physical Society20-1
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of acoustic phonon-assisted tunneling which was in
DBRTD12 and in subsequent work on a TBRTD.13 The rea-
son why the effects of acoustic phonon-assisted tunneling
less marked than those of the LO phonon process can
attributed to the weaker electron-phonon coupling of aco
tic modes together with the broader frequency range
modes involved in the assisted processes.

The first measurements of acoustic phonon-assisted
neling in a superlattice were reported briefly in 1999 by C
ill et al.14 The devices used were GaAs/AlAs SLs that we
uniformly doped with Si. The present article describes th
experiments in more detail and includes later measurem
made using a complementary technique which achie
greater time resolution. It also compares the experime
data with calculated values for the assisted current due to
four possible one-phonon-assisted tunneling proce
shown in Fig. 1. Two of these correspond to stimulated p
non emission and two to absorption.

II. EXPERIMENTAL DETAILS

The approach used, which is similar to that used in
work on RTDs,12 is to observe the effect on the tunnel cu
rent I (V) of increasing the occupation number of phono
incident on the SL device. All the SL devices used we
taken from NU1727 which is anN550 period GaAs/AlAs
SL grown by MBE on a 400mm thick semi-insulating sub
strate. The wells were 5.9 nm wide and the thickness of
barriers, 3.9 nm, was chosen to provide weak coupling: e
mates for the ground state miniband width from the Kron
Penney and Bastard15 models are, respectively,Dm;1.0 and
0.7 meV. The structure was uniformly doped with Si to
31016 cm23 which leads to a sheet density per well,ns , of
83109 cm22 and hence toEF;0.3 meV although these val
ues should increase with bias as noted earlier. The supe
tice was separated from then1 contact regions (2
31018 cm23) by 20 nm thick undoped spacer layers a
etched down to a 50mm diameter mesa.

A nonequilibrium phonon pulse is generated by heatin
metal film deposited on the opposite surface of the subst
from the SL, Fig. 2, and produces a transient change in
nel currentDI (t) on arriving at the SL device. Two comple
mentary techniques are used to heat the film. In the elect
technique, a constantan film of areaA5503500 mm2

evaporated opposite the device is heated by 50–100 ns

FIG. 1. Phonon-assisted tunneling processes.
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trical pulses. In the optical technique, an approximately
mm diameter area of an extended constantan film is he
by 12 ns focused NdYAG laser pulses. In both cases,
substrate is cooled toT51.8 K by helium gas. The electrica
technique has the advantage that the powerP absorbed in the
film is accurately known so that the temperatureTh the film
reaches for the duration of the pulse can be determined f
the rate at which the power is emitted into the GaAs s
strate as acoustic phonons. This can be calculated16 from the
acoustic properties of constantan and GaAs and is given
the expressionP/A5s(Th

42T4) Wm22>sTh
4 Wm22 since

Th
4@T4, wheres5524 Wm22 K24 ~this neglects the smal

amount of cooling by the gaseous helium!. This technique
does, however, have the disadvantage that electrical pic
prevents the use of the shorter pulses needed to separa
contributions toDI (t) from LA and TA modes. The source
position is also fixed so that several heaters are neede
measurements are to be made as a function of the m
incident angleu of the phonons. In the optical technique, th
intensity of the beam is varied by inserting neutral dens
filters. The intensities, and hence therelative powers ab-
sorbed in the constantan film, are measured using a Si p
todiode with a 1 nsrise time. Absolute powers and henc
approximateTh values are obtained from these by calibrati
the bias at the peak of theDI (V) plot for the TA mode at one
optical intensity against those of plots obtained using elec
cally heated films of knownTh .17 The advantages of the
optical technique are that much narrower pulses can be u
since the optical pick-up is short-lived, and thatu can be
varied by moving the laser spot across the film us
computer-controlled mirrors.

Finally, we note that semi-insulating GaAs at these te
peratures is very nearly transparent to phonons at frequen
less than;1000 GHz although there is still some scatteri
by isotopes and traces of magnetic ions.18 This increases rap
idly with frequency so that the two ballistic peaks inDI (t)
consist largely of phonons withn<1000 GHz. The scattered
phonons travel diffusively and hence more slowly so that
ballistic peaks are followed by diffusive tails due to phono
whose average frequency is higher than that of those tra
ling ballistically.

III. EXPERIMENTAL RESULTS

A typical I (V) characteristic is shown in Fig. 3. For bot
bias directions the conductance does not start untilV0

(1)

;50 mV, presumably the bias needed to align the Fe
energies of the emitter and the nearest well. At higher bia
I (V) becomes strongly asymmetric, suggesting it is affec
by the differences in the emitter contacts: an extended s
for V,0, and a 50mm diameter disc forV.0. ForV,0, the
curve shows a peak atVc52275 mV followed by a series o

FIG. 2. Experimental arrangement.
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time-independent peaks inI (V) attributed to domain forma
tion and expansion. ForV.0, a single peak occurs atVc
51700 mV followed by a plateau, the time-independent
cillations being replaced by oscillating currents. This su
gests that the sheet densities in the wells are too smal
stable domains to form whenV.06 but not whenV,0.
Presumably, whenV,0, enough electrons flow under bia
from the extended emitter into the quantum wells to give r
to space charge large enough to stabilize the domain bo
ary. This is evidently not in general the case forV.0. How-
ever, the bigger value ofVc , 700 mV, that is found forV
.0 does suggest, however, that a large fraction of the bia
dropping across part of the SL. The reason for this is
understood, but it might perhaps be due to the presence
single stable high field domain next to the emitter. A value
Vc51275 mV ~equal in magnitude to that forV,0) would
be obtained if the potential drop across the rest of the
were 0.35(V2V0

(1)) where 0.355(2752V0
(1))/(7002V0

(1)).
In the previous section it was noted that transient chan

in I (V) are produced by phonons emitted from a heated fi
located on the other side of the substrate and that two di
ent techniques were used to heat the film. We first desc
the results obtained using an electrically heated film dire
opposite the device. Measurements ofDI (t) were made as a
function of bias for a range of values ofTh and an example
is given in Fig. 4 forV51200 mV andTh513.3 K. The
vertical arrows show the calculated arrival times for LA a
TA phonons traveling ballistically across the substrate. T
LA arrow coincides with the onset of the rise inDI (t) and,
while there may be a point of inflection at the arrival time f
TA phonons, it is not possible to resolve the effects of
two modes. The average value ofDI (t) over the interval
between the TA arrow and the peak inDI (t) was used to
obtain the values ofDI (V) shown in Fig. 5~a! for V.0 and
a range of values ofTh . Figure 6 shows that the magnitud
of the biasVmax at the maximum value ofDI (V) increases
linearly with Th . This can be writtenDmax50.7kBTh

10.25 meV whereD5ge(V2V0
(1))/50 is the energy drop

between neighboring wells~this assumes the fraction
g50.35, of the applied voltage across the SL is the sam
these lower positive biasses as atV51700 mV) andDmax is

FIG. 3. I (V) characteristic.
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the value ofD at V5Vmax. The form ofDI (V) for V,0 is
similar to that forV.0. Electrical measurements were on
taken for three values ofTh but, if a linear dependence at low
bias is assumed,Dmax;0.6kBTh11.0 meV ~g51 for V
,0).

We next discuss the results obtained using the opt
technique with the heated area opposite the device. Figu
showsDI (t) for V52130 mV andTh57.6 K. The phonon
pulses using this technique are much shorter, 12 ns, than
difference in the arrival times of the LA and TA ballisti
phonons so that the LA contribution toDI (t) has time to
decay significantly before the TA pulse arrives. The two co
tributions are now resolved so that values ofDI (V) can be
determined for each and the TA peak is seen to be roug
twice the size of the LA peak. The relative sizes will b
affected by the fact that the@001# direction of the normal is a
focusing direction for TA phonons but not for LA phonon
Peaks inDI (t) can also be seen from phonons that ha
made three transits of the substrate before interacting w
the SL demonstrating that a substantial fraction of
phonons have mean free paths greater than 1.2 mm~three
times the substrate thickness!. DI (V) plots for V,0 and for
TA phonons are shown in Fig. 5~b! for various values ofTh
and are seen to be similar to those obtained using the e
trically heated source although appreciably smaller. A f
DI (V) plots were also taken for LA phonons and found to
very similar in form to those in Fig. 5~b!. DI (V) was ap-
proximately half the size but the peaks coincided with tho
for TA phonons. Figure 6 shows that the dependence ofVmax
on Th obtained from the plots of Fig. 5~b! corresponds to
Dmax50.7kBTh11.1 meV which is in good agreement wit
the dependence obtained using the electrical technique
V,0. In summary then, the slope ofDmax(Th) is the same for
both bias directions but the intercept is appreciably bigg
1.1 meV, forV,0 than forV.0, 0.25 meV, and we tenta
tively attribute this to the larger sheet density and so Fe
energy forV,0 that is indicated by the presence of stab
domains as discussed earlier.

The size of theDI (V) signal within the gated time inter
val for the electrical heater is approximately five times larg
than that ofDI (V) for the TA phonons from an optically

FIG. 4. ResponseDI (t) to a phonon pulse from an electricall
heated film atTh513.3 K for V51200 mV.
0-3
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FIG. 5. Bias dependence of the current change due to TA phonons,DI (V) for a range of heater temperaturesTh. ~a! V.0, electrical
technique;~b! V,0, optical technique.
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heated area at the same temperature and we attribute th
its appreciably larger area. It also seems likely to contai
significant contribution from LA phonons emitted towar
the end of the electrical pulse, particularly from the furth
most parts of the electrical heater whose distance to the S
nearly 20% greater than the substrate thickness. The rela
size of this LA contribution compared with that from the T
phonons will be enhanced by the fact that the incident an
of the TA phonons emitted from the furthermost parts of
electrical heater are well outside the focusing directions.
lowing for these factors suggests that the LA contribution
the signal from the electrical heater might be comparable
that of the TA phonons. The use ofVmax values from these
data to calibrateTh for the TA data from the optical heater
justified, however, by the fact thatVmax is found to be essen
tially the same for both modes.

The predominant electron-phonon interaction at the
quencies of most of the phonons emitted in these exp
ments is expected to be by deformation coupling. This
evidently not the case for TA modes in GaAs withk parallel
or close to the@001# direction normal to the plane of th
substrate but has been shown to be19 for off-axis TA modes.
So if any q-dependent factors associated with the discr
nature of the structure were neglected, the transition pr

FIG. 6. The energy separation of the wells at the maximum
DI (V), Dmax, as a function of heater temperatureTh for both bias
directions. The data are obtained from Fig. 5~a! ~lower values! and
~b! ~upper values!.
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ability for phonons incident normally should vary approx
mately asq3nq and we should expectDI (V)}vq

3nq where
\vq;D. This would lead to a maximum atDmax'2.8kBTh
and hence to a slope ofDmax(kBTh) which is four times
greater than that found experimentally. This difference
largely attributed to the fact that, in the experiments, mos
the phonons are not incident close to the normal but at an
up to some maximumumax so that they have appreciab
in-plane momentum. The significance of this can be seen
considering, for example, process 1 in Fig. 1 which involv
forward transitions assisted by phonon emission. To conse
in-plane momentum, the energy difference between the
tial and final electron states must beD for phonons incident
normally and,D for those incident obliquely. Hence th
average frequency and so wave number of the phonons
volved falls with umax and this has the effect of displacin
the slope ofDmax(kBTh) to values,2.8. The q-dependent
factors associated with the layered structure of the SL w
also weigh the frequency dependence of the phonon co
bution to the assisted tunneling in some way which in tu
will affect the value of the slope. These aspects will be co
sidered in a later section together with the apparent corr
tion of the intercept with the Fermi energy.

The linear dependence ofVmax on the dominant phonon
frequency indicates that the SL device is acting as a tuna

f

FIG. 7. ResponseDI (t) to a phonon pulse from an opticall
heated film atTh57.6 K for V52130 mV.
0-4
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ACOUSTIC-PHONON-ASSISTED TUNNELING IN . . . PHYSICAL REVIEW B66, 235320 ~2002!
frequency sensitive detector with a small bandwidth, i.e
spectrometer. A further demonstration of this was obtain
using the fact that the probability of phonon scattering in
substrate increases with frequency. Because of this, the
scattered phonons that produce the ballistic peaks inDI (t)
have a lower average frequency than the scattered and h
delayed phonons in the diffusive tails. The measureme
were made using the optical technique and withTh
514.5 K so that somewhat over half the phonons emit
have frequencies above the peak in the distribution an
;2.8kBTh /h;900 GHz. These would mostly propagate d
fusely and contribute to the tail ofDI (t). The rest would
haven,900 GHz and would make the major contribution
the LA and TA ballistic peaks. Measurements were made
two bias values,2150 and2238 mV, and hence energ
splittings D5hn5e(V2V0

(1))/50 corresponding ton5480
and 910 GHz, respectively. For the idealized case in wh
the phonons are incident normally and the effect of the SL
theq-dependence of the phonon interaction can be neglec
these are also the phonon frequencies that would be expe
to contribute most toDI . In practice, for the reasons dis
cussed above, the actual frequencies detected are expec
be lower than both of these values but would still be lar
for a bias of2238 mV than for a bias of2150 mV. When
biased at the higher value the SL should detect higher
quency phonons compared to when biased at the lower v
and so the proportion of scattered to unscattered phon
detected should be appreciably greater at this bias. So i
deed the response of the SL is frequency dependent,
should expectDI ~diffusive!/DI ~ballistic! to be greater at
2238 mV than at2150 mV. Figure 8 showsDI (t) obtained
for the two bias values. It can be seen thatDI ~diffusive!/
DI ~ballistic! for TA phonons is about 30% larger atV5
2238 mV than at2150 mV @DI ~diffusive! is obtained
from the value ofDI (V) 20 ns afterthe ballistic peak# con-
firming that the response of the SL device is frequency
pendent.

Measurements ofDI (V) made as a function ofu for both
TA and LA phonons using the optical technique withTh

FIG. 8. ResponseDI (t) to a phonon pulse from an opticall
heated film atTh514.5 K for two bias values. The ratioDI ~tail!/
DI ~peak! decreases with bias from 0.8~2150 mV! to 0.5 ~2238
mV!.
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57.6 K show that the signal size falls steadily asu increases,
Fig. 9. However,Vmax remains approximately constant fo
LA phonons, and, for TA phonons, it only decreases sligh
by less than 10%, whenu is increased from 0° to 30°. The
phonon distribution has a peak frequency of about 450 G
so that most of the phonons should travel ballistically to
SL. The fall in signal withu is mainly attributed therefore to
the decrease in the proportion of the phonons leaving
heater that fall in the solid angle subtended by the device
the distance between them is increased~for TA phonons there
will be the additional effect of moving away from a focusin
direction!. The fact thatVmax depends so weakly on angle
somewhat surprising, however. The frequency distribut
should not be affected by the change in angle but the ang
distribution of theq vectors would be and the argumen
presented earlier would suggest that this should lead t
decrease inVmax asu is increased.

The form of DI (V) in a magnetic fieldB56.5 T (Bi I )
for Th57.6 K is similar to that in zero field17 and it would be
of interest to extend this work to see ifVmax remains linearly
dependent onTh . If it did, the SL device should still act as
spectrometer in the presence of magnetic fields.

IV. THEORETICAL ANALYSIS AND DISCUSSION

The potential energy drop over a SL lattice period
greater thanDm over most of the range at which phono
experiments were made. This implies that transport is
hopping rather than miniband transport. The first theoret
treatment of acoustic phonon-assisted tunneling between
WS states of SLs was by Tsu and Do¨hler4 who calculated its
contribution to electrical transport. At low fields and for na
row barriers, the WS states may extend over several per
so that assisted tunneling can take place between wells s
distance apart. However, at higher fields, or at all fields if
barriers are sufficiently thick, the transport is dominated
nearest neighbor transitions leading to a ‘‘two well mode
This model was extended by Glavinet al.20 to the situation
of the present experiments where the incident phonons h
a temperatureTh higher than that of the electronsT and they
also calculated the contribution toDI (V) from electron heat-
ing. The present treatment is similar to that of Glavinet al.
although the parameters used were chosen to model m
closely the conditions of the experimental work.

The transient change in currentDI is calculated by in-
cluding the four processes shown in Fig. 1 although omitt
spontaneous emission since this is not affected by the i
dent phonons.DI can be written

DI 5eA(
q

W~q!~nq* ~Th!2nq* ~T!!,

whereA is the area of the device and the transition proba
ity, W(q)5W1

11W1
22W2

12W2
2 is the sum of the prob-

abilities of the four possible stimulated emission and abso
tion processes shown in Fig. 1; the superscript1/2 indicates
emission/absorption and the subscript indicate the direc
of the electron current with respect to the bias. Since onl
proportion of the phonons from the heater are incident on
0-5
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FIG. 9. DI (V) from an optically heated film.u is the angle to the normal of the line joining the center of the heated area to the c
of the SL device.~a! LA phonons and~b! TA phonons.
n-

in
s

e

to
be
device, their occupation number is writtennq* 5anq where
a,1. For simplicity,a is assumed to be constant, so its i
troduction only reduces the size ofDI from that given by
Glavin et al. and not its form. The term2nq* (T) is included
here so thatDI 50 whenTh5T but omitted by Glavinet al.
since they assumeT50. This should have little effect onDI
and is omitted from now on:

W~q!5
2p

\
C2~q!uM ~qz!u2(

k,k8
dk,k87qi

3d~Ek2Ek87\vq!

3 f k~12 f k8!,

C(q)5 iD (\q/2rVs)1/2 wherer is the density,V is the vol-
ume of the device ands is the velocity of sound.c,c8 and
k,k8 are respectively the electron wave-functions and
plane wavevector components of the initial and final state
23532
-
in

the two neighboring wells involved in the tunneling. Th
phonon matrix element between the two states is given4 by

uM ~qz!u25u^c8uexp~ iqzz!uc8&u2

;F S a

D D sinS qzd

2 D sinS 1

2
qzwD

1

2
qzw

3
1

12~qzw/2p!2G 2

~1!

wherea is the coupling between the wells,d is the period of
the SL andw is the width of the QWs.

For phonons incident at anglesu<umax, the
change in current is the sum of the changes due
the two emission and two absorption terms and can
written
0-6
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where the signs before\vq and D are respectively the re
verse of and equal to those of the superscript and subscri
the particular term inW(q),

K5
eaD2m*

3/2

8p421/2\3rs
,

and Em is the minimum value ofE for which tunneling is
possible for phononsq incident at angleu. For a particular
value ofD, conservation of energy and in-plane momentu
determine the two values ofk cosb that can interact with a
phononq incident at angleu:

k cosb5
m*

\2qi
S \2qi

2

2m*
6\vq7D D , ~3!

whereb is the angle betweenk andqi . In this case, the sign
before\vq andD are respectively equal to and the reverse
those of the superscript and subscript of the particular t
in W(q). The minimum electron energyEm at which inter-
action is possible with phonons of wavenumberq incident at
angleu occurs whenb50 and is given by

Em5
m*

2\2qi
2 S \2qi

2

2m*
6\vq7D D 2

,

whereqi5q sinu. The integral overE is integrated by parts
to avoid the singularity atE5Em .

DI (D) has been calculated for both TA and LA phono
for heater temperaturesTh in the range 4 to 10 K assumin
T51.5 K, w56 nm, d510 nm, m* 50.067me , umax55°,
10° and 15° andEF50.3, 0.6 and 1.0 meV. An example o

FIG. 10. Calculated values ofDI (D) due to TA phonons for a
range of heater temperaturesTh for umax510° andEF50.6 meV.
23532
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the data is given in Fig. 10 for TA phonons assumingEF

50.6 meV andumax510°. The curves are seen to be qua
tatively similar to the experimental plots in Fig. 5; since t
values ofa anda are not well known,DI (D) is expressed in
arbitrary units in Fig. 10. Forumax55°, however, the calcu-
lated curves become negative at low bias. Absorption p
cesses dominate in this limit and the total current becom
negative when the negative assisted currentDI 2 due to ab-
sorption becomes larger than the corresponding positive
rent DI 1 . This can also be seen in Fig. 11 which sho
calculated values ofDI (D) for LA phonons by Glavin
et al.20 for EF50.8 meV andumax56°. The values were cal
culated for a superlattice of similar period,d510.5 nm, but
an appreciably smaller well width,w54.5 nm, than that
used in the present work.

The values of the bias at the peaks in Fig. 10 can
expressed approximately asDmax;0.25kBTh11.1 meV. So
for EF50.6 meV andumax510°, the slope is appreciabl
smaller than the measured value of 0.7 while the intercep
similar to the measured value forV,0 but appreciably
larger than that found forV.0. We recall that the difference
in the measured values was attributed to the different va
of EF expected for these two bias directions but the cal
lated intercept values are in fact essentially independen
EF . In contrast, the measured slopes are the same for
bias directions, while the calculated values are the same
EF50.3 and 0.6 meV but rise forEF51.0 meV to become
approximately equal to the measured value. Qualitativ
similar results are found for LA phonons, the main differen
being that the calculated slopes and intercepts are some
bigger than those for TA phonons.

The small slope ofDmax(kBTh) given by the model is at-
tributable partly to the angular distribution of the phono
and partly to the form of the phonon matrix elementM.
Figure 12 shows plots ofM2(\v) and M2(\v)q3nq for a

FIG. 11. Calculated values ofDJ(D) for LA phonons from
Glavin et al.20 The inset shows the contribution due to electr
heating.
0-7
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FIG. 12. ~a! M2(\v) and~b! M2(\v)q3nq for T51.5 K for TA phonons incident normally (qz5q5v/s) on a SL withd510 nm and
w56 nm.
t
n

n
ith
o
e
f

io
ic

tic
e
lib

ince

n
ted

s-

ss-

s,
SL with w56 nm andd510 nm for TA phonons inciden
normally so thatqz5q5v/s. The predominant features i
M2(\v) are the zeros~antiresonances! which occur when
qz50 and 2np/d (n51,2,35 . . . ) and theoverall decrease
as v24 when qz.2p/w. The plot of M2(\v)q3nq shows
that the first two peaks are dominant in the temperature ra
of interest and that both move slightly to higher values w
increasingTh by amounts which correspond to slopes
Dmax(kBTh) ;0.2 and 0.3, respectively, close to the valu
found using Eq.~2!, which of course includes the effects o
energy and momentum conservation and the Fermi funct
and is also integrated over a range of incident angles wh
should make the antiresonant effects less pronounced.

Figure 11 also shows calculations20 of the change in tun-
nel currentDI s(D) associated with transitions due to elas
scattering. The change occurs because of the increase in
tron temperature resulting from the absorption of nonequi
23532
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rium phonons~electron heating!. DI s falls steadily with in-
creasing bias and eventually becomes negative, and, s
this behavior is very different from that observed forI (V),
we conclude that the contribution from electro
heating is small compared with that by phonon-assis
tunneling.

A. Monchromatic phonons

In view of the potential of the SL for phonon spectro
copy, we have also calculated the responseDI (\v0) to a
quasi-monochromatic beam of TA phonons of frequencyv0
by replacing the thermal frequency distribution by a Gau
ian, exp(2g(v2v0)

2) with g51000 s2. Figure 13 shows
how, for D53 meV, EF50.7 meV andT51.5 K, DI (\v0)
varies asumax is increased from 5° to 30°. For these angle
there is a small peak inDI at \v0;D which is barely dis-
0-8
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cernable on this scale but becomes the dominant featu
even lower angles whenD@EF , kBT as is in the presen
calculations. The dominant features from 5° to 30° are s
to be two intermediate frequency peaks between 1.2 and
meV and a low frequency peak below 1.2 meV. The heigh
the low frequency peak increases steadily withumax, reflect-
ing the increase in the number of allowed transitions, a
then saturates showing that transitions can only occur
u&25°. The intermediate frequency peaks also rise with
creasingumax but saturate at a lower angle showing that t
peak is due to transitions occurring atu&10° The contribu-
tion to DI (\v0) from the positive emission process is dom
nant at most angles.21 An approximate value of the spectr
line widthDn ~HWHM! is given by that of the low frequenc
peak in Fig. 13. Forumax515° which should correspond ap
proximately to the geometry of the experiments for T
phonons if some allowance is made for focusing,Dn;100
GHz. This value could be increased by interface roughn
and scattering which are not included in the model althou
recent estimates suggest the scattering rates from thes
!100 GHz.22

The potential of the SL as a spectrometer can also be
in the plots in Fig. 14 ofDI (D) for fixed values of\v0 and
for umax515°; the plots have been normalized to the sa
height. The values ofDmax at the peaks inDI increase ap-
proximately linearly with\v0 with a slope of 1.1.@The
DI (D) values are for the positive emission term which dom
nates at this angle.# It would also be of interest to analyze th
effects of quantizing magnetic fields since the requirem
q

i
&1/l B , where l B5(\/eB)1/2 is the magnetic length

should reduce the range of incident angles at which inte
tion can occur and hence also reduce the spectral linew

B. Discusssion

The theoretical model of Glavinet al. provides a qualita-
tive explanation of the experimental data but there are dif
ences in the dependence of the maximum ofDI (V) on elec-

FIG. 13. Calculated values ofDI (\v0) for TA phonons with a
Gaussian frequency distribution exp(2g(v2v0)

2) with g
51000 s2. The values shown are forD53 meV,EF50.7 meV and
T51.5 K. Curves a, b, c, d, e, and f correspond toumax

55°,10°,15°,20°,25° and 30°, respectively.
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tron density and onTh . This might be the result of a numbe
of simplifications made in the model and its application
the experimental situation for TA phonons including for e
ample, the neglect of anisotropic effects in both the phon
propagation~phonon focusing! and the electron-phonon in
teraction, the omission of piezoelectric coupling and the
glect of screening. More detailed calculations including the
effects would clearly be of interest. We have also not cons
ered the possibility that, as a result of stimulated phon
emission, amplification might be taking place when t
phonons pass through 100 wells, 50 before reflection at
top surface and 50 after. How significant this would be e
dently depends on the strength of processes resulting
losses, but Glavinet al.20,23,24concluded that these should b
sufficiently weak at low temperatures for amplification to
present at least for modes traveling close to the normal. P
non amplification has been observed in a number of ot
systems, most recently in optically pumped magnetic ions
dielectrics for phonon frequenciesn,100 GHz25 and in two-
level systems in glasses forn,1 GHz.26 However, it has not
apparently previously been seen above 100 GHz.

As already noted, uncertainties in the values ofa and a
make it difficult to compare the measured and calcula
values ofDI and an alternative approach is to compare v
ues ofDI /I . We consider the change in current due to T
modes. Before the phonon pulse arrives at the SL, the cur
componentI sp due to phonon-assisted tunneling is predom
nantly the result of spontaneous emission sincenq!1 at the
SL temperatureT while the component due to stimulate
emission is proportional tonq(Th). Now since the stimulated
and spontaneous emission transitions follow the same se
tion rules, the earlier discussion based on the results sh
in Fig. 13 shows that they are both only possible for em
sion anglesu&25°. This is in fact larger than the range o
anglesu&5° ~tanu&25/400! at which phonons from the op
tically heated film would arrive if they were emitted isotro
pically and traveled ballistically from a point on the heat

FIG. 14. Calculated values of the dominant positive emiss
contribution toDI (D) for TA phonons with the Gaussian distribu
tion of Fig. 13 for a range of values of\v0 assumingEF

50.7 meV, T51.5 K andumax515°. Curves a, b, c, d, e, f and
correspond to\v050.26, 0.52, 0.77, 1.0, 1.3, 1.55 and 2.1 me
respectively.
0-9
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However, an estimate of the effect on the phonon intensit
the device produced by the strong focusing of the
phonons into directions close to the@001# indicate that it is
increased by;20. If this occurred uniformly for all direc-
tions around the@001#, this would correspond to an increas
in the range ofu to a value close to 25°, showing that a
proximately all allowed transitions can be stimulated
phonons from the heater. So from this we conclude t
DI /I sp;nq(Th)/150.06 for a heater at 13 K. However, th
does not allow for the fact some of the phonons from
heater will be scattered as they cross the substrate and so
not contribute to the ballistic peak. For a heater at 13
somewhat more than half the phonons have frequen
.800 GHz so it seems likely that less than half of the
phonons emitted travel ballistically across the substrate@this
is supported by the ratio of the areas under the ballistic
diffusive parts ofDI (t)]. So a better estimate for the chang
in current isDI /I sp;nq(Th)/250.03. Now the total currentI
contains contributions from spontaneous emission due to
and LA modes plus that from elastic scattering. It is usua
assumed that the elastic contribution is dominant and he
that I sp(TA) !I and, if this is the case, we conclude th
DI /I !0.03.

The peak value of the TA phonon peak found experim
tally for an optically heated film at 13 K corresponds
DI /I 50.03 (DI /I is approximately five times larger for th
electrical heater!, so the increase in current is greater th
would be expected. This might therefore suggest that am
fication is taking place. We recall, however, that this arg
ment does not allow for anisotropy of the focusing arou
the @001# direction.

V. SUMMARY

Measurements of the transient change in tunnel cur
DI (t) through a biased 50 period Si doped GaAs/AlAs s
perlattice produced by pulses of nonequilibrium acous
phonons show peaks at the ballistic arrival times of LA a
TA phonons. The sizes of the peaks vary with the biasV.
Investigations of the TA peak show that the biasVmax at
which DI (V) is greatest varies linearly with the heater te
peratureTh and hence with the frequency of the domina

*Now at Bookham Technology Plc. Caswell, Towcest
Northamptonshire, NN12 8EQ, United Kingdom.
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phonons;60Th GHz incident on the device: the SL is ac
ing as a phonon spectrometer. This was confirmed using
fact that the average frequency of the phonons that are s
tered crossing the substrate is significantly greater than
of those traveling ballistically.

The form of DI (V) is qualitatively similar to that pre-
dicted by the model of Glavinet al.20 developed from the
two well model of Tsu and Do¨hler.4 There are, however
quantitative differences particularly in the dependence of
position of the maximum ofDI (V) on electron density and
heater temperature. This might be the result of a numbe
simplifications made in the model and its application to t
experimental situation for TA phonons. The relative chan
in currentDI /I that was measured is similar to that estimat
using a simple physical model which assumes thatI is en-
tirely due to spontaneous emission. Since, however, the c
ponent due to spontaneous emission is usually assumed
small compared to that from elastic scattering, this sugg
the measured value could be appreciably greater than
calculated. We cannot therefore rule out the possibility t
phonon amplification is taking place, but further investig
tion both experimental and theoretical would be needed
determine whether or not this is the case.
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Dn ~HWHM! of the SL detector is around 100 GHz, which
consistent with experimental data which indicate thatDn
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width could be less than these values if phonon amplificat
is taking place. It would clearly be of interest to measure
linewidth using a narrow band phonon source. The linewi
should also be reduced by the application of magnetic fie
(Bi I ).
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