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Acoustic phonon-assisted tunneling in GaA&IAs superlattices
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Measurements have been made of the transient changes in tunnel dlrténbugh a biassed 50 period Si
doped GaAs/AlAs superlattice produced by pulses of nonequilibrium acoustic phonons. Tig hiaswhich
Al is greatest varies linearly with the heater temperalyreand hence with the dominant phonon frequency,
the SL is acting as a phonon spectrometer with a linewittWHM) <kgTy,/h~200 GHz (0.8 me\} for
Ty=10 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 a1 (V) are compared with values calculated using a similar model to that of Géanah
[JETP Lett.51, 191 (2000].
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[. INTRODUCTION lowed by a nearly discontinuous fall as the high field domain
suddenly expands by one period at the expense of the low
In a semiconductor superlatti¢€L), the additional peri- field domain. The process is then repeated, leading to a series
odicity of the lattice potential splits the conduction band intoof stable conductance peakslifV). The space charge aris-
a series of minibands of width,,. If A,=#/7, whereris ing from doping is not always enough for stable domains to
the mean collision time, electrical conduction takes placeorm, although these can still occur if, under bias, the contact
through the minbands for small values of applied bias ands able to supply enough additional electrons. If it is still
hence electric fieldF.>! However, at higher fieldeFNd insufficient, however, domains can form but their boundary
>A,, whered is the SL period andN is the number of is unstable. This results in oscillating currents so that the
periods, it is no longer possible for electrons to travel ballis-series of peaks ih(V) is replaced by a plateau. The period
tically from one end of the SL to the other and the eigen-of the oscillation is equal to the time the domain boundary
states become localized within a distanceA,/eF.12This  takes to travel the length of the SL and the corresponding
localization splits each miniband into a ladder of levels sepafrequency can vary over a wide range depending on the do-
rated byeFd which are well-defined ifeFd>7#/r. These main velocity and the superlattice length.
ladder states, each centered on a different quantum well Phonon-assisted tunneling is a process in which the tun-
(QW), are known as Wannier-StafkVS) states and trans- neling of an electron or hole through a barrier or barriers is
port takes place by tunnelingopping between therff.If ' accompanied by the absorption or emission of a phdfmn
is large, so that\~d, tunneling is essentially limited to a recent review see Ref).7An electron with wavevectok
states centered on neighboring wells but in lower fields it carand energyg, tunnels into a quantum well and a phonon of
also occur to wells further away. The tunneling can eitheiwavevectorg and energy: o, is simultaneously absorbed or
occur by an elastic process involving impurity or disorderemitted. Phonon-assisted tunneling can occur both for optic
scattering with the subsequent emission of one or morenodes, predominantly LO although much weaker TO
phonons, or by inelastic phonon-assisted tunnelingA Jf  phonon-assisted tunneling should also occur, and for acoustic
=<#h/7, most of the states will be localized within the QWSs, modes, both LA and TA. The LO phonon emission process
with transport taking place by tunneling between them for allappears as a satellite peak in #{&) of resonant tunneling
values ofF. diodes(RTDs) which was first reported in 1987 in a double
The electron density in the wells, due both to the dopingbarrier resonant tunneling diod®BRTD)® and shortly after-
and to charge movement under bias, can have the effect @fards in a triple barrier resonant tunneling didd@8RTD).°
replacing the single current peak in th@/) characteristic of However, in a superlattice, although LO phonon-assisted tun-
undoped SLs by a series of pedkBhis multi-peak structure neling contributes significantly to the transport currgno
is attributed to the formation and expansion of electric fieldsatellite peak is seen in zero magnetic field but peaks appear
domains. At the first current peak, the system switches fromvhen fieldsB are applied parallel td. The first measure-
a single domain of constant field throughout the SL to twoments of this type were by Higmaet al'° A more detailed
(or more domains of significantly different field strength investigation was made by Mar et al!* who observed a
separated by a domain boundary which contains spaceumber of resonant peaks in the photoconductivity, some of
charge to provide the field gradient. Miniband transport oc-which could be assigned to LO phonon-assisted tunneling
curs in the low field domain if the scattering is not too between Landau levels.
strong, while, in the high field domain, the potential energy Phonon-assisted tunneling involving acoustic modes is
drop between neighboring wells sFd~E,—E; (E; and  notimmediately apparent in tHh€¢V) characteristics of RTDs
E, are the energies of the ground and first excited states iand SLs. However, the process can be seen using differential
the wel), close to the condition for resonant tunneling. Astechniques; techniques in which a changel (W) is pro-
the bias is increased, a peak occurs in the differential conduced by a change in phonon occupation number at the de-
ductance as the tunneling becomes resonant and this is falice. This was the approach used in both the first observation
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FIG. 2. Experimental arrangement.

trical pulses. In the optical technique, an approximately 50
pm diameter area of an extended constantan film is heated
by 12 ns focused NAYAG laser pulses. In both cases, the
substrate is cooled t6=1.8 K by helium gas. The electrical
technique has the advantage that the pdwabsorbed in the
FIG. 1. Phonon-assisted tunneling processes. film is accurately known so that the temperatiiggthe film
reaches for the duration of the pulse can be determined from
of acoustic phonon-assisted tunneling which was in ahe rate at which the power is emitted into the GaAs sub-
DBRTD' and in subsequent work on a TBRTDThe rea- strate as acoustic phonons. This can be calculafezm the
son why the effects of acoustic phonon-assisted tunneling a@coustic properties of constantan and GaAs and is given by
less marked than those of the LO phonon process can ke expressio/A=o(Tp—T*4) Wm 2=¢T} Wm~? since
attributed to the weaker electron-phonon coupling of acousTﬁ>T4, whereo=524 Wm 2 K4 (this neglects the small
tic modes together with the broader frequency range ofmount of cooling by the gaseous heliurithis technique
modes involved in the assisted processes. does, however, have the disadvantage that electrical pick-up
The first measurements of acoustic phonon-assisted tufrevents the use of the shorter pulses needed to separate the
neling in a superlattice were reported briefly in 1999 by Cav-contributions toAl(t) from LA and TA modes. The source
ill et al™ The devices used were GaAs/AlAs SLs that wereposition is also fixed so that several heaters are needed if
uniformly dOpE‘d with Si. The present article describes thes%easurements are to be made as a function of the mean
experiments in more detail and includes later measurementgcident angled of the phonons. In the optical technique, the
made using a complementary technique which achievegtensity of the beam is varied by inserting neutral density
greater time resolution. It also compares the experimentaijters. The intensities, and hence thelative powers ab-
data with calculated values for the assisted current due to tl”@)rbed in the constantan f||m, are measured using aSi pho-
four possible one-phonon-assisted tunneling processegdiode wih a 1 nsrise time. Absolute powers and hence
shown in Fig. 1. Two of these correspond to stimulated phogapproximateT,, values are obtained from these by calibrating

non emission and two to absorption. the bias at the peak of thel (V) plot for the TA mode at one
optical intensity against those of plots obtained using electri-
Il. EXPERIMENTAL DETAILS caIIy heated films of knownTh.” The advantages of the

S _ optical technique are that much narrower pulses can be used,
The approach used, which is similar to that used in thesince the optical pick-up is short-lived, and thaican be
work on RTDs!? is to observe the effect on the tunnel cur- varied by moving the laser spot across the film using

rent1(V) of increasing the occupation number of phononscomputer-controlled mirrors.

incident on the SL device. All the SL devices used were Finally, we note that semi-insulating GaAs at these tem-
taken from NU1727 which is aN=50 period GaAs/AlAs  peratures is very nearly transparent to phonons at frequencies
SL grown by MBE on a 40Qum thick semi-insulating sub- |ess than~1000 GHz although there is still some scattering
strate. The wells were 5.9 nm wide and the thickness of they isotopes and traces of magnetic idfZhis increases rap-
barriers, 3.9 nm, was chosen to provide weak coupling: estidly with frequency so that the two ballistic peaks A (t)
mates for the ground state miniband width from the Kronig-consist largely of phonons with<1000 GHz. The scattered
Penney and Bastardmodels are, respectively,~ 1.0 and phonons travel diffusively and hence more slowly so that the
0.7 meV. The structure was uniformly doped with Si to 2 ballistic peaks are followed by diffusive tails due to phonons
X 10" cm™2 which leads to a sheet density per well, of  whose average frequency is higher than that of those travel-
8% 10° cm~2 and hence t&r~0.3 meV although these val- ling ballistically.

ues should increase with bias as noted earlier. The superlat-

tice was separated from th@® contact regions (2 lIl. EXPERIMENTAL RESULTS
%10 cm™2) by 20 nm thick undoped spacer layers and
etched down to a 5@m diameter mesa. A typical 1 (V) characteristic is shown in Fig. 3. For both

A nonequilibrium phonon pulse is generated by heating &ias directions the conductance does not start WAt
metal film deposited on the opposite surface of the substrate 50 mV, presumably the bias needed to align the Fermi
from the SL, Fig. 2, and produces a transient change in tunenergies of the emitter and the nearest well. At higher biases,
nel currentAl(t) on arriving at the SL device. Two comple- 1(V) becomes strongly asymmetric, suggesting it is affected
mentary techniques are used to heat the film. In the electricdlly the differences in the emitter contacts: an extended sheet
technique, a constantan film of are&=50x500um?  for V<0, and a 5Qum diameter disc fov>0. ForV<0, the
evaporated opposite the device is heated by 50—100 ns elecdrve shows a peak &.= —275 mV followed by a series of
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FIG. 3. (V) characteristic FIG. 4. Responsal(t) to a phonon pulse from an electrically

heated film afl,,=13.3 K for V=+200 mV.

time-independent peaks IifV) attributed to domain forma-  the value ofA at V=V,,,,. The form of Al(V) for V<O is
tion and expansion. Fov>0, a single peak occurs &  similar to that forvV>0. Electrical measurements were only
=+700 mV followed by a plateau, the time-independent 0Staken for three values df, but, if a linear dependence at low
cillations being replaced by oscillating currents. This sug-hias is assumed ,,~0.6kgTy+1.0 meV (y=1 for V
gests that the sheet densities in the wells are too small fo;go).
stable domains to form whel>0° but not whenV<0. We next discuss the results obtained using the optical
Presumably, wheiV<0, enough electrons flow under bias technique with the heated area opposite the device. Figure 7
from the extended emitter into the quantum wells to give riseshowsA| (t) for V= —130 mV andT,=7.6 K. The phonon
to space charge large enough to stabilize the domain bounghylses using this technique are much shorter, 12 ns, than the
ary. This is evidently not in general the case Y6r 0. How-  difference in the arrival times of the LA and TA ballistic
ever, the bigger value o¥;, 700 mV, that is found foV  phonons so that the LA contribution tl(t) has time to
>0 does suggest, however, that a large fraction of the bias igecay significantly before the TA pulse arrives. The two con-
dropping across part of the SL. The reason for this is notriputions are now resolved so that valuesAdf(V) can be
understood, but it might perhaps be due to the presence ofgetermined for each and the TA peak is seen to be roughly
single stable high field domain next to the emitter. A value oftwice the size of the LA peak. The relative sizes will be
V= +275 mV (equal in magnitude to that fof<0) would  affected by the fact that tH€01] direction of the normal is a
be obtained if the potential drop across the rest of the Skocusing direction for TA phonons but not for LA phonons.
were 0.35¢ - V{) where 0.35- (275-V{")/(700-V§Y).  peaks inAl(t) can also be seen from phonons that have
In the previous section it was noted that transient changesade three transits of the substrate before interacting with
in 1(V) are produced by phonons emitted from a heated filnthe SL demonstrating that a substantial fraction of the
located on the other side of the substrate and that two diffefphonons have mean free paths greater than 1.2 (three
ent techniques were used to heat the film. We first describgmes the substrate thickngsal (V) plots forV<0 and for
the results obtained using an electrically heated film directlyTA phonons are shown in Fig(t5 for various values off},
opposite the device. Measurementsdd{t) were made as a and are seen to be similar to those obtained using the elec-
function of bias for a range of values @f, and an example trically heated source although appreciably smaller. A few
is given in Fig. 4 forV=+200 mV andT,=13.3 K. The Al (V) plots were also taken for LA phonons and found to be
vertical arrows show the calculated arrival times for LA andvery similar in form to those in Fig. (®). Al(V) was ap-
TA phonons traveling ballistically across the substrate. Theyroximately half the size but the peaks coincided with those
LA arrow coincides with the onset of the rise i (t) and, for TA phonons. Figure 6 shows that the dependencé,qf,
while there may be a point of inflection at the arrival time for on T, obtained from the plots of Fig.(B) corresponds to
TA phonons, it is not possible to resolve the effects of thea . =0.7gT,+1.1 meV which is in good agreement with
two modes. The average value A (t) over the interval the dependence obtained using the electrical technique for
between the TA arrow and the peak &l (t) was used to  V<0. In summary then, the slope Af,.(T},) is the same for
obtain the values oAl (V) shown in Fig. %a) for V>0 and  both bias directions but the intercept is appreciably bigger,
a range of values of,. Figure 6 shows that the magnitude 1.1 meV, forV<0 than forvV>0, 0.25 meV, and we tenta-
of the biasV ., at the maximum value oAl (V) increases tively attribute this to the larger sheet density and so Fermi
linearly with T,. This can be writtenA,,,,=0.7gT,  energy forV<O0 that is indicated by the presence of stable
+0.25 meV whereA = ye(V—V{M)/50 is the energy drop domains as discussed earlier.
between neighboring wellgthis assumes the fraction, The size of theAl (V) signal within the gated time inter-
v=0.35, of the applied voltage across the SL is the same atal for the electrical heater is approximately five times larger
these lower positive biasses asvat + 700 mV) andA,.,is  than that ofAl(V) for the TA phonons from an optically
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FIG. 5. Bias dependence of the current change due to TA phoddi(¥,) for a range of heater temperaturgs (a) V>0, electrical
technique;(b) V<0, optical technique.

heated area at the same temperature and we attribute thisability for phonons incident normally should vary approxi-
its appreciably larger area. It also seems likely to contain anately asq3nq and we should expe<zl&I(V)o<w§nq where
significant contribution from LA phonons emitted towards hwq~A. This would lead to a maximum at,,~2.8gT,
the end of the electrical pulse, particularly from the further-and hence to a slope ok, (ksT,) Which is four times
most parts of the electrical heater whose distance to the SL igreater than that found experimentally. This difference is
nearly 20% greater than the substrate thickness. The relativargely attributed to the fact that, in the experiments, most of
size of this LA contribution compared with that from the TA the phonons are not incident close to the normal but at angles
phonons will be enhanced by the fact that the incident anglegp to some maximumn,,,, so that they have appreciable
of the TA phonons emitted from the furthermost parts of thein-plane momentum. The significance of this can be seen by
electrical heater are well outside the focusing directions. Al-considering, for example, process 1 in Fig. 1 which involves
lowing for these factors suggests that the LA contribution toforward transitions assisted by phonon emission. To conserve
the signal from the electrical heater might be comparable tgh-plane momentum, the energy difference between the ini-
that of the TA phonons. The use ¥®f,,, values from these tial and final electron states must hefor phonons incident
data to calibratd, for the TA data from the optical heater is normally and<A for those incident obliquely. Hence the
justified, however, by the fact thaf, .« is found to be essen- average frequency and so wave number of the phonons in-
tially the same for both modes. volved falls with 6, and this has the effect of displacing
The predominant electron-phonon interaction at the frethe slope ofA.(kgT)) to values<2.8. The g-dependent
quencies of most of the phonons emitted in these experifactors associated with the layered structure of the SL will
ments is expected to be by deformation coupling. This isalso weigh the frequency dependence of the phonon contri-
evidently not the case for TA modes in GaAs wiiparallel  bution to the assisted tunneling in some way which in turn
or close to the[001] direction normal to the plane of the will affect the value of the slope. These aspects will be con-
substrate but has been shown td*ffer off-axis TA modes.  sidered in a later section together with the apparent correla-
So if any g-dependent factors associated with the discretgion of the intercept with the Fermi energy.
nature of the structure were neglected, the transition prob- The linear dependence ., on the dominant phonon
frequency indicates that the SL device is acting as a tunable

150 1 T T 1

Optical Pickup

100 o

Al (arb.units)
o
o
1

0.0 T ¥ T
0 5 10 15 20
Th (K) .50 1 1 1 1
-100 [} 100 200 300 400
FIG. 6. The energy separation of the wells at the maximum of t(ns)

Al(V), Anax a@s a function of heater temperaturg for both bias

directions. The data are obtained from Figa)5lower value$ and FIG. 7. Responsél(t) to a phonon pulse from an optically
(b) (upper values heated film afl,,=7.6 K for V=—130 mV.
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1.0 ; 3 =7.6 K show that the signal size falls steadily@&isicreases,
' ‘ Fig. 9. However,V o remains approximately constant for
,,,,,, LA phonons, and, for TA phonons, it only decreases slightly,
by less than 10%, whenf is increased from 0° to 30°. The
phonon distribution has a peak frequency of about 450 GHz
so that most of the phonons should travel ballistically to the
N SL. The fall in signal withd is mainly attributed therefore to
the decrease in the proportion of the phonons leaving the
heater that fall in the solid angle subtended by the device as
i the distance between them is increaffed TA phonons there
\/\/\j ““”\**“% will be the additional effect of moving away from a focusing
0 M direction. The fact thatv,,,, depends so weakly on angle is
0 100 200 300 400 500 somewhat surprising, however. The frequency distribution
¢ (ns) should not be affected by the change in angle but the angular
distribution of theq vectors would be and the arguments
FIG. 8. Responsal(t) to a phonon pulse from an optically presented earlier would suggest that this should lead to a
heated film afT,,=14.5 K for two bias values. The ratifl (tail)/ decrease iV, as @ is increased.
Al(peak decreases with bias from 0(8-150 m\) to 0.5(—238 The form of Al(V) in a magnetic fieldB=6.5 T (B|I)
mv). for T,=7.6 K is similar to that in zero fiefld and it would be
of interest to extend this work to see\if,,, remains linearly
frequency sensitive detector with a small bandwidth, i.e., alependent off},. If it did, the SL device should still act as a
spectrometer. A further demonstration of this was obtainedpectrometer in the presence of magnetic fields.
using the fact that the probability of phonon scattering in the
substrate increases with frequency. Becz_au;e of this: the un- IV. THEORETICAL ANALYSIS AND DISCUSSION
scattered phonons that produce the ballistic peakalift)
have a lower average frequency than the scattered and henceThe potential energy drop over a SL lattice period is
delayed phonons in the diffusive tails. The measurementgreater thamA,, over most of the range at which phonon
were made using the optical technique and wilh experiments were made. This implies that transport is by
=14.5 K so that somewhat over half the phonons emittedhopping rather than miniband transport. The first theoretical
have frequencies above the peak in the distributiorv at treatment of acoustic phonon-assisted tunneling between the
~2.8kgT,/h~900 GHz. These would mostly propagate dif- WS states of SLs was by Tsu and ider* who calculated its
fusely and contribute to the tail ofl(t). The rest would contribution to electrical transport. At low fields and for nar-
haver<900 GHz and would make the major contribution to row barriers, the WS states may extend over several periods
the LA and TA ballistic peaks. Measurements were made foso that assisted tunneling can take place between wells some
two bias values,—150 and —238 mV, and hence energy distance apart. However, at higher fields, or at all fields if the
splittings A= hv:e(V—Vgl))/5O corresponding ta/=480  barriers are sufficiently thick, the transport is dominated by
and 910 GHz, respectively. For the idealized case in whictearest neighbor transitions leading to a “two well model.”
the phonons are incident normally and the effect of the SL offhis model was extended by Glavét al?° to the situation
theg-dependence of the phonon interaction can be neglecte@f the present experiments where the incident phonons have
these are also the phonon frequencies that would be expectédemperaturd, higher than that of the electroiisand they
to contribute most taAl. In practice, for the reasons dis- also calculated the contribution tol (V) from electron heat-
cussed above, the actual frequencies detected are expectedn®. The present treatment is similar to that of Glaeiral.
be lower than both of these values but would still be large@lthough the parameters used were chosen to model more
for a bias of—238 mV than for a bias of-150 mV. When closely the conditions of the experimental work.
biased at the higher value the SL should detect higher fre- The transient change in curreat is calculated by in-
quency phonons compared to when biased at the lower valududing the four processes shown in Fig. 1 although omitting
and so the proportion of scattered to unscattered phonorgpontaneous emission since this is not affected by the inci-
detected should be appreciably greater at this bias. So if irdent phononsAl can be written
deed the response of the SL is frequency dependent, we

Upper Curve: V=-150 mV

e
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Lower Curve: V=238 mV
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n
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should expectAl (diffusive)/Al(ballistic) to be greater at B * .

—238 mV than at-150 mV. Figure 8 showal(t) obtained Al _EAEQ“ W(@)(ng (Th) =N (T)),

for the two bias values. It can be seen tiMdt(diffusive)/

Al (ballistic) for TA phonons is about 30% larger &t= whereA is the area of the device and the transition probabil-

—238 mV than at—150 mV [Al (diffusive) is obtained ity, W(q)=WI+W,—-W —W-_ is the sum of the prob-
from the value ofAl (V) 20 ns afterthe ballistic peqlcon-  abilities of the four possible stimulated emission and absorp-
firming that the response of the SL device is frequency detion processes shown in Fig. 1; the supersctipt indicates
pendent. emission/absorption and the subscript indicate the direction
Measurements okl (V) made as a function of for both  of the electron current with respect to the bias. Since only a
TA and LA phonons using the optical technique with proportion of the phonons from the heater are incident on the
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FIG. 9. Al(V) from an optically heated filmé is the angle to the normal of the line joining the center of the heated area to the center

of the SL device(a) LA phonons andb) TA phonons.

device, their occupation number is writter] =an, where the two neighboring wells involved in the tunneling. The
a<1. For simplicity,a is assumed to be constant, so its in- phonon matrix element between the two states is dign
troduction only reduces the size dfl from that given by 2 1) . N

Glavinet al. and not its form. The term-ng (T) is included IM(@y)[*= (4" [expliaz2)| )|

here so that\| =0 whenT,=T but omitted by Glaviret al. (1 2
since they assum&= 0. This should have little effect oAl o q,d Sin| 5 qzw 1
and is omitted from now on: ~ (—) sin( i) X
A 2 1 1—(q,w/2m)?
2 quw
W(a)= ——CA(@)|M(a)1* Y Scir=q X S(Ex—Ew Fhog)
h KK I (1)
XF(1—fp0), wherea is the coupling between the welldis the period of
the SL andw is the width of the QWs.
C(q)=iD (2q/2pQs)*? wherep is the density() is the vol- For phonons incident at anglesf<6.., the

ume of the device and is the velocity of soundy,¢' and  change in current is the sum of the changes due to
k,k' are respectively the electron wave-functions and inthe two emission and two absorption terms and can be

plane wavevector components of the initial and final states invritten
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max [ (= |[M(9)]20%ng(Tp) F(E)(1—f(EFhwy=A
AI(A)ZKAJ: fOLI (A2)]%a%ng(TR) F(E)(1—1( wq ))dadqu, ©

(E_ Em)1/2

where the signs beforgw, and A are respectively the re- the data is given in Fig. 10 for TA phonons assumifg
verse of and equal to those of the superscript and subscript efp.6 meV and#,,,,=10°. The curves are seen to be quali-

the particular term ilW(q), tatively similar to the experimental plots in Fig. 5; since the
an values ofa anda are not well knownAl(A) is expressed in
. eaD’m* arbitrary units in Fig. 10. Fop,,o=5°, however, the calcu-

 gr4oli3 ps’ lated curves become negative at low bias. Absorption pro-

cesses dominate in this limit and the total current becomes
and E,, is the minimum value oE for which tunneling is  negative when the negative assisted curgent due to ab-
possible for phonong incident at angled. For a particular  sorption becomes larger than the corresponding positive cur-
value of A, conservation of energy and in-plane momentumrent Al, . This can also be seen in Fig. 11 which shows
determine the two values ¢&fcosg that can interact with a calculated values ofAl(A) for LA phonons by Glavin

phonong incident at anglep: et al?° for E;=0.8 meV andd,,=6°. The values were cal-
culated for a superlattice of similar periodl=10.5 nm, but
* ﬁzqﬁ _ an appreciably smaller well widthy=4.5 nm, than that
kcosp= ﬁz_qH miﬁwq+A , () used in the present work.

The values of the bias at the peaks in Fig. 10 can be
whereg is the angle betweeki andq . In this case, the signs expressed approximately @gy,a~0.25%gTy+1.1 meV. So
before’. wq andA are respectively equal to and the reverse offor Er=0.6 meV andf,,,=10°, the slope is appreciably
those of the superscript and subscript of the particular ternsmaller than the measured value of 0.7 while the intercept is
in W(qg). The minimum electron enerdy,, at which inter-  similar to the measured value for¥<<O but appreciably
action is possible with phonons of wavenumbéncident at  larger than that found fov>0. We recall that the difference

angle 6 occurs whenB=0 and is given by in the measured values was attributed to the different values
of Eg expected for these two bias directions but the calcu-

m* ﬁqulz 2 lated intercept values are in fact essentially independent of

mT 5% ~FThogFA |, Er. In contrast, the measured slopes are the same for both

2f%qj \ 2m bias directions, while the calculated values are the same for

whereq=qsiné. The integral oveE is integrated by parts Er=0.3 and 0.6 meV but rise fdez=1.0 meV to become

to avoid the singularity aE=E,, . approximately equal to the measured value. Qualitatively
Al(A) has been caIcuIatedmfor both TA and LA phononsSim"ar results are found for LA phonons, the main difference

for heater temperaturdg, in the range 4 to 10 K assuming being that the calculated slopes and intercepts are somewhat

T=1.5K, w=6nm, d=10 nm, m* =0.067n,, 6;,,=5°, bigger than those for TA phonons.

° o _ The small slope ofA,,.{ksT}) given by the model is at-
10 and 15% and=0.3, 0.6 and 1.0 meV. An example of tributable partly to the angular distribution of the phonons

T . ' . , . and partly to the form of the phonon matrix elemevit

H 2 2 3
Figure 12 shows plots of“(Aw) and M“(Zw)qg°n, for a
10K 20
a i
5 ~10F i
o o 1 E 1%
= '4_~
s < AR
~ L _ ~ oF o
< 4K g i
_ b |
~10} E
)
- '
20 E 1 1 I
. | A ] , 1 : o 2 3 4
0 1 2 3 4 A (meV)

A (meV)
FIG. 11. Calculated values akJ(A) for LA phonons from
FIG. 10. Calculated values @f1(A) due to TA phonons for a Glavin et al?® The inset shows the contribution due to electron
range of heater temperatur€g for 6,,,,=10° andE-=0.6 meV. heating.
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FIG. 12. (8) M*(hw) and(b) M*(hw)g>n, for T=1.5 K for TA phonons incident normallyg,=g= w/s) on a SL withd=10 nm and
w=6nm.

SL with w=6 nm andd=10 nm for TA phonons incident rium phonons(electron heating Al falls steadily with in-
normally so thatg,=q=w/s. The predominant features in creasing bias and eventually becomes negative, and, since
M?(hw) are the zerogantiresonancéswhich occur when this behavior is very different from that observed fgv),
q,=0 and h/d (n=1,2,%...) and theoverall decrease We conclude that the contribution from electron
as w~ * whenqg,>2m/w. The plot osz(ﬁw)q3nq shows heating is small compared with that by phonon-assisted
that the first two peaks are dominant in the temperature rangénneling.
of interest and that both move slightly to higher values with
increasingT,, by amounts which correspond to slopes of
AnadkeTh) ~0.2 and 0.3, respectively, close to the values
found using Eq(2), which of course includes the effects of  In view of the potential of the SL for phonon spectros-
energy and momentum conservation and the Fermi functionsopy, we have also calculated the respond¢s wg) to a
and is also integrated over a range of incident angles whichjuasi-monochromatic beam of TA phonons of frequengy
should make the antiresonant effects less pronounced. by replacing the thermal frequency distribution by a Gauss-
Figure 11 also shows calculatiGi®f the change in tun- ian, expYw—wp)?) with y=1000 €. Figure 13 shows
nel currentAl4(A) associated with transitions due to elastic how, for A=3 meV,E=0.7 meV andT=1.5 K, Al (% w)
scattering. The change occurs because of the increase in ele@ries asfoy is increased from 5° to 30°. For these angles,
tron temperature resulting from the absorption of nonequilibthere is a small peak iAl atzwy~A which is barely dis-

A. Monchromatic phonons
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FIG. 13. Calculated values @I (% wg) for TA phonons with a FIG. 14. Calculated values of the dominant positive emission

Gaussian frequency distribution expf{w—wg)?) with 1y contribution toAl(A) for TA phonons with the Gaussian distribu-
=1000 €. The values shown are fdr=3 meV,Ex=0.7 meV and tion of Fig. 13 for a range of values ofw, assumingEg

T=15K. Curves a, b, ¢, d, e, and f correspond @Q,, =0.7 meV,T=15 K andf,,,=15°. Curves a, b, c, d, e, fand g
=5°,10°,15°,20°,25° and 30°, respectively. correspond tdhwg=0.26, 0.52, 0.77, 1.0, 1.3, 1.55 and 2.1 meV,
respectively.

cernable on this scale but becomes the dominant feature at

even lower angles wheA>Eg, kgT as is in the present tron density and off,. This might be the result of a number
calculations. The dominant features from 5° to 30° are seegf simplifications made in the model and its application to
to be two intermediate frequency peaks between 1.2 and 2¢e experimental situation for TA phonons including for ex-
meV and a low frequency peak below 1.2 meV. The height obmple, the neglect of anisotropic effects in both the phonon
the low frequency peak increases steadily with,, reflect-  propagation(phonon focusingand the electron-phonon in-
ing the increase in the number of allowed transitions, anderaction, the omission of piezoelectric coupling and the ne-
then saturates showing that transitions can only occur foglect of screening. More detailed calculations including these
6=25°. The intermediate frequency peaks also rise with ineffects would clearly be of interest. We have also not consid-
creasingfay but saturate at a lower angle showing that theered the possibility that, as a result of stimulated phonon
peak is due to transitions occurring &10° The contribu-  emission, amplification might be taking place when the
tion to Al (%.w) from the positive emission process is domi- phonons pass through 100 wells, 50 before reflection at the
nant at most anglés.An approximate value of the spectral top surface and 50 after. How significant this would be evi-
line width Av (HWHM) is given by that of the low frequency dently depends on the strength of processes resulting in
peak in Fig. 13. FOW,a,=15° which should correspond ap- |osses, but Glaviet al2%?*?4concluded that these should be
proximately to the geometry of the experiments for TA sufficiently weak at low temperatures for amplification to be
phonons if some allowance is made for focusindg,~100  present at least for modes traveling close to the normal. Pho-
GHz. This value could be increased by interface roughnesgon amplification has been observed in a number of other
and scattering which are not included in the model a|th0ug|'$ystemsy most recently in optically pumped magnetic ions in
recent estimates suggest the scattering rates from these aflectrics for phonon frequencies<100 GHZ® and in two-

<100 GHz? level systems in glasses forx1 GHz?® However, it has not
The potential of the SL as a spectrometer can also be segfpparently previously been seen above 100 GHz.
in the plots in Fig. 14 ofAI(A) for fixed values ofi wg and As already noted, uncertainties in the valuesaaind «

for 6ma=15°; the plots have been normalized to the samenake it difficult to compare the measured and calculated
height. The values oA, at the peaks i\l increase ap- values ofAl and an alternative approach is to compare val-
proximately linearly withziw, with a slope of 1.1[The  ues of Al/I. We consider the change in current due to TA
Al(A) values are for the positive emission term which domi-modes. Before the phonon pulse arrives at the SL, the current
nates at this anglelt would also be of interest to analyze the component sp due to phonon-assisted tunneling is predomi-
effects of quantizing magnetic fields since the requiremenhantly the result of spontaneous emission singe 1 at the
q=1g, where lg=(n/eB)"? is the magnetic length, SL temperatureT while the component due to stimulated
should reduce the range of incident angles at which interacemission is proportional to,(Ty,). Now since the stimulated
tion can occur and hence also reduce the spectral linewidtfand spontaneous emission transitions follow the same selec-
tion rules, the earlier discussion based on the results shown
in Fig. 13 shows that they are both only possible for emis-
sion anglesf<25°. This is in fact larger than the range of
The theoretical model of Glaviat al. provides a qualita- anglesf<5° (tan§<25/400 at which phonons from the op-
tive explanation of the experimental data but there are differtically heated film would arrive if they were emitted isotro-
ences in the dependence of the maximunAofV) on elec- pically and traveled ballistically from a point on the heater.

B. Discusssion
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However, an estimate of the effect on the phonon intensity ashonons~ 60T, GHz incident on the device: the SL is act-
the device produced by the strong focusing of the TAing as a phonon spectrometer. This was confirmed using the
phonons into directions close to the01] indicate that it is  fact that the average frequency of the phonons that are scat-
increased by~20. If this occurred uniformly for all direc- tered crossing the substrate is significantly greater than that
tions around th¢001], this would correspond to an increase of those traveling ballistically.

in the range of¢ to a value close to 25°, showing that ap-  The form of Al(V) is qualitatively similar to that pre-
proximately all allowed transitions can be stimulated bydicted by the model of Glaviret al?° developed from the
phonons from the heater. So from this we conclude thatwo well model of Tsu and Dider® There are, however,
Al/lsp~ng(Tp)/1=0.06 for a heater at 13 K. However, this quantitative differences particularly in the dependence of the
does not allow for the fact some of the phonons from theposition of the maximum of\1(V) on electron density and
heater will be scattered as they cross the substrate and so Wikater temperature. This might be the result of a number of
not contribute to the ballistic peak. For a heater at 13 Ksimplifications made in the model and its application to the
somewhat more than half the phonons have frequenciesxperimental situation for TA phonons. The relative change
>800 GHz so it seems likely that less than half of the TAin currentAl/I that was measured is similar to that estimated
phonons emitted travel ballistically across the subsi{this  ysing a simple physical model which assumes thist en-

is supported by the ratio of the areas under the ballistic an€lrely due to spontaneous emission. Since, however, the com-
diffusive parts ofAl(t)]. So a better estimate for the change ponent due to spontaneous emission is usually assumed to be
in current isAl/ls,~ng(Tp)/2=0.03. Now the total curret  small compared to that from elastic scattering, this suggests
contains contributions from spontaneous emission due to Téhe measured value could be appreciably greater than that
and LA modes plus that from elastic scattering. It is usuallycalculated. We cannot therefore rule out the possibility that
assumed that the elastic contribution is dominant and hengshonon amplification is taking place, but further investiga-
that I1,(TA)<I and, if this is the case, we conclude that tion both experimental and theoretical would be needed to
Al1/1<0.03. determine whether or not this is the case.

The peak value of the TA phonon peak found experimen- The theoretical model suggests that the spectral linewidth
tally for an optically heated film at 13 K corresponds to Av (HWHM) of the SL detector is around 100 GHz, which is
Al/1=0.03 (Al/I is approximately five times larger for the consistent with experimental data which indicate that
electrical heatgr so the increase in current is greater than<kgT, /h~200 GHz hA»=<0.8 meV). However, the line-
would be expected. This might therefore suggest that ampliwidth could be less than these values if phonon amplification
fication is taking place. We recall, however, that this argu-is taking place. It would clearly be of interest to measure the
ment does not allow for anisotropy of the focusing aroundiinewidth using a narrow band phonon source. The linewidth
the [001] direction. should also be reduced by the application of magnetic fields

(BIII).
V. SUMMARY
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