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Phonon-emission spectroscopy of a two-dimensional electron gas
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A two-dimensional electron gas (2D EG) was created in a metal-oxide-semiconductor structure on
a (100) surface of Si at a temperature of 1 K. Transport of electric current through the 2D EG led

to power dissipation and the emission of acoustical phonons. %e used superconducting tunnel junc-
tions as phonon detectors and found that the phonon-frequency spectrum had a 2kF cutoff. As a
consequence of the reduced dimensionality of the electrons the cutoff frequency depended also on
the phonon-emission angle. The phonon intensity emitted under oblique angles was asymmetric and

depended on the current direction (phonon-drag effect). These properties are in contrast to what one
~ould expect from a 3D blackbody source. %'e calculated the expected spectra using the energy and

momentum conservation laws applied to the interaction between 2D electrons and 3D phonons and

found good agreement with the experimental results as long as the electron densities did not exceed
4X 10'2 cm '. At larger densities additional features were observed which are not yet understood.

I. INTRODUCTION

It is well established that electron layers can form at
semiconductor interfaces. These layers show very distinct
two-dimensional (2D) properties, ' but they nevertheless
interact with their three-dimensional (3D) surroundings
by, e.g., the emission and absorption of phonons. This in-
teraction between excitations of different dimensionalities
could show interesting effects, particularly because the
respective values of the energies and wave vectors of the
phonons are comparable to those of the electrons. How-
ever, very little experimental work about this interaction
has been published so far.

The absorption of ballistic heat pulses by 2D electrons
was observed by Hensel et al. It was found that the ab-
sorptivity had the correct order of magnitude after pho-
non interference effects were taken into account. Particu-
larities due to the lower dimensionality of the electron gas,
however, could not be seen clearly because of limited spec-
tral resolution.

Phonons emitted from 2D electrons in GaAs hetero-
layers were observed by Chin et a/. The results differed
from those obtained with 3D electrons. But spectral reso-
lution was again limited and no detailed analysis was
made.

In other experiments, the temperature and the energy-
loss rates under hot-electron conditions were deter-
mined. ' These quantities describe very integral proper-
ties, however, and do not yield much information about
the underlying quantum processes.

In this article, we report on experiments with a spectral
analysis of the phonons emitted by a two-dimensional
electron gas (2D EG). The phonons were detected with
both broadband and narrow-band phonon detectors. In
the data, we found a replica of the electron-distribution
function. A very striking dependence of the phonon spec-
tra on emission angle could be traced back to the partial
lifting of the wave-vector —conservation laws at the sur-
face. Furthermore, a phonon-drag eff~t could be ob-
served if the electron gas was drifting.

In the following two sections of this article we will
describe the experimental techniques and the results of the
phonon experiments, respectively. Theoretical calcula-
tions of the phonon spectra will be presented in Sec. IV.
A comparison of the theory with the data will be made in
Sec. V.
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FIG. 1. (a) Sample setup (not to scale). The electron gas
forms at the Si-SiOz interface if a voltage is applied to the NiCr
gate. (b) Schematic of the source-drain circuit. The impedance
of C,„can be neglected for 100 ns pulses. Thus RN;c, and the
2D EG can be treated as parallel resistances.

II. EXPERIMENTAL TECHNIQUES

The 2 D EG, studied in this work, was formed in stan-
dard metal-oxide-semiconductor (MOS) structures. The
desi n is shown schematically in Fig. 1. Squares (15X 15
mm ) of 3 mm thickness were cut from n-type doped (300
0 cm) Si. The surfaces were (100)-oriented. One sample
side was oxidized forming a Si02 layer about 150 nm
thick. 7 A Ni-Cr film 10 nm thick was deposited on top of
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the oxide serving as the gate electrode. The 2 D EG
formed as an accumulation layer if a voltage Vo was ap-
plied to the gate with respect to the substrate. The car-
rier density X, in the 2 0 EG is given by the relation
X, =(C,„/e)( Vo —V, ), where V, is the threshold voltage
and C,„ is the capacitance of the oxide per unit area.

The source-drain contacts were made capacitively with
two 100-nm-thick Al films covering the ends of the NiCr
film. An active channel area between the contacts was
left as a square with an area of 1 mm . In Fig. 1(b) the di-
agram of the source-drain circuit is shown.

The source-drain voltage VsD was applied as pulses of
100 ns duration. Thus the impedance of the capacitances
Cox-1 nF was small compared with the typical resis-
tance values of the electron channel RiDEo-1 kQ and
the NiCr film RN;c, -10 kQ. The peak electron mobili-
ties in our samples varied from 3000 to 5000 cmi/V sec.

If a source-drain field EsD is applied along a 2D EG,
then an electric current j =X,epEsD is caused and the
electric power will eventually be transferred into phonon
modes of the Si substrate. The power density was typical-
ly 1 mW/mm in our experiments. In a three-dimensional
heater film this power density would raise its temperature
from an ambient 1 K to about 2 K. The phonon spec-
trum would be that of a blackbody with a dominant pho-
non frequency of about 150 GHz. ' In that frequency re-
gime phonons travel ballistically through the Si sub-
strate. "

As phonon detectors we used superconducting tunnel
junctions. ' Such devices consist of two superconducting
films about 150 nm thick, separated by a thin oxide layer.
The operation of the junctions required an ambient tem-
perature of 1 K. The tunnel current depends on the pho-
non flux absorbed in the junction if it is biased below the
gap voltage 26/e. Phonons, however, will be absorbed in
the superconducting Alms only if their frequencies exceed
the respective energy gap 2b, /Ii. Thus one has a detection
threshold which is 650 GHz for Pb and 100 GHz for Al
as superconductors.

The experimental setup is sketched as an inset in Fig. 2.
The detectors monitored the phonon flux traversing the Si
sample under the geometrical angle 8. Due to phonon-
focusing effects in the bulk Si, the wave-vector directions
of these phonons were, in general, not colinear with the
propagation directions. ' The angle 8 between the wave
vector and the surface normal was calculated from 8 us-

ing standard elastic theory. Later we will always refer to
the wave-vector angle 8.

At very high frequencies the propagation of phonons is
limited by the elastic scattering caused by the different
Si-isotope masses. ' This effect reduced the intensities of
the phonon pulses by the factor exp( Alf /v, ), where A—
is a material constant of Si, I is the phonon-path length, f
is the phonon frequency, and U, is the sound velocity.

The isotope scattering becomes effective at frequencies
exceeding 800 GHz. If scattered phonons still reach the
detector then they have longer path lengths and can there-
fore be separated from the unscattered ones by their
longer times of flight. Combined with the sensitivity
threshold of the tunnel-junction detectors, the isotope
scattering has the effect of forming a sensitivity window.

It is rather narrow (650—800 GHz) for Pb and very broad
(100—800 GHz) for Al, respectively. This window prop-
erty had been exploited before. ' A theoretical analysis
has also been published. '

III. EXPERIMENTAL RESULTS
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FIG. 2. Phonon signal as a function of time of flight. The
two phonon pulses with different polarization are clearly
separated. Inset: geometry of MOS phonon generator and
tunnel-junction detector.

An example of a phonon signal as a function of time of
flight is shown in Fig. 2 (Al detector). At r = zero, a
source-drain pulse was applied to the MOS structure caus-
ing some electronic crosstalk. At later times, longitudi-
nally (LA) and transversely (TA) polarized phonons were
detected after their respective times of flight.

In the course of an experiment we measured first the
source-drain current pulse. From it the conductivity 0~
and the dissipated power (EsD ——const) was deduced.
Second, the intensities of the phonon pulses at their lead-

ing edges were recorded. Both the dissipated power and
the phonon signal were measured as a function of gate
voltage or, equivalently, carrier concentration X,.

In Fig. 3 the conductivity data of a sample with an
electron peak mobility of 4800 cm /V sec are shown. The
behavior was as expected. ' The concurrent TA-phonon
signal as measured with an Al detector is shown in Fig. 4
(solid line). Not surprisingly, the course of the phonon
signal followed roughly the dissipated power because a
broadband detector was used. Similar traces were ob-
tained for other angles too.

In the next experiment, we used the narrow-band Pb
detector. Results for TA and LA phonons are shown in
Figs. 5 and 6, respectively (solid lines). Only data pertain-
ing to the electrons are presented since no signal was ob-
served with holes as carriers. Apparently, the phonon
spectrum emitted by the holes lies completely below the
detection threshold of the Pb detector.

The three sections of Fig. 5 correspond to different an-
gles between the phonon wave vector and the surface nor-
mals. In all three cases the phonon signal no longer fol-
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FIG. 3. Conductivity of a MOS sample as a function of gate
voltage (or equivalently carrier density N, ). At negative gate
voltages a 2D hole gas forms. The dissipated power with a
source-drain Geld of 10 V/cm can be read from the scale at the
right-hand side.
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lowed the dissipated power. Even more striking, the
traces were different from each other for different angles.
A steep increase was observe which occurred, however, at
the smaller N, values for the smaller 8. At about
X, =SX10' cm there was a hump which was more
pronounced for smaller 8. The signal decreased down to
zero if N, exceeded 6X10'z cm . These two features
were observed at all angles.

The LA phonons were measured at one angle, 8=63',
only because at smaller angles they are "defocused" and
too weak to be observed. This angle was rather large as
compared with the TA-phonon results of Fig. 5. Howev-
er, the signal increase occurred at very small densities al-
ready. The signal decrease, however, was observed at
about the same N, value as with the TA phonons. The
hump at about X,=5&10' cm was again visible.

The dependence of the phonon signal on emission angle
and polarization is in contrast to the results which one
would expect from a three-dimensional heater. It would
emit a blackbody spectrum independent of angle and po-
larization.

The phonon results also depended on the magnitude
and the polarity of EsD. The data are shown in Fig. 7

0 5
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FIG. 5. Phonon emission of the same sample as in Figs. 3
and 4 but measured with the narrow-band Pb tunnel-junction
detector. The three parts of the figure correspond to different
angles between the phonon wave vectors and the surface normal.
The angle-dependent signal increase is a consequence of the 2k~
cutoff being swept over the detector window. Dashed lines are
theoretical results.

(solid lines). The three data sets correspond to the fields
+10, +100, and +200 V/cm, respectively. The general
trend was that the sharp features found with small fields
smear out with increasing fields. Strikingly, there was al-
ways a difference in signal size if the polarity of EsD was
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FIG. 4. Phonon emission of the sample of Fig. 3 measured
with a broadband detector as a function of hole and electron
density, respectively. Dashed line: theory.

FIG. 6. Same as Fig. 5, but longitudinal instead of transverse
polarization. The signal increase occurs already at a very small

N, value.
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fmite medium. This appears to be an acceptable simplifi-
cation because the acoustic mismatch between Si and Si02
is very small. ' ' Optical phonons will be unimportant as
long as ksT, ~ &&fico,~=50 meV (T,~. electron tempera-
ture; co,z. optical phonon frequency). It is further as-
sumed that the electron-energy distribution is described by
k~, drift velocity vo, and T,~. Since T,i turned out to be
considerably higher than the ambient temperature, stimu-
lated processes could be neglected.

Energy-loss rates to the phonons have been calculated
by several workers. ' ' %e, however, are interested in
the exact shape of the phonon spectrum emitted into a
certain direction. Therefore, a detailed calculation was
made taking the anisotropies of the phonons and of the
deformation potential into account precisely. Further-
more, screening was also included.

The emission rate of phonons with wave vector q is
given by

5
N~ I)0"2 cm 2j

10

reversed. The signal was larger if Esn was pointing in
such a way that the electrons drifted towards the detector.

In the next section we will show that many but not all
of these results can be explained by a simple model of the
phonon emission process in a 2D EG.

FIG. 7. The phonon signal measured at different source-
drain fields with a Pb junction detector. At larger fields (higher
electron temperatures) the features smear out. The difference in

signal size with reversed field polarity is due to a phonon-drag
effect.

I =2g„g,f (E(k'))[1—f (E(k ))]
[e(q,co)]'

x 5(E(k' —E(kf) —~),
where M is the matrix element of the electron transition,
e(q~, co) describes the screening, and fo is the Fermi distri-
bution function in which the drift of the electrons by
m'v~/1 is included.

In Si the matrix element is determined by the deforma-
tion potential. Thus, for the (100) plane

r zexpi 'rz1

IV. THEORY

In bulk Si the surfaces of constant electron energy are
six degenerate ellipsoids. In a 2D EG the degeneracy is
partially lifted. The two bands, in which the effective
mass perpendicular to the surface is larger, have the lower
energy. If the surface normal is the z direction then the
energy of the electrons in this band is given by

E=E,+,(k„'+k,'),
2@i

where m' is the (light) effective mass and Eo is the ener-

gy at the band bottom. The Fermi vector kF depends on
X, according to

kF (2irN, /g„)'——
~here g„=2 is the valley degeneracy.

The electron mobility in the 2D EG is. determined by
the momentum-relaxation rate. The most effective pro-
cess for momentum relaxation at low temperatures is
scattering at charged impurities in the oxide. It turns out
that electron-phonon scattering is much less likely and,
therefore, only determines the energy-loss rate.

The following calculations are based on the assumption
that phonons are emitted during the transition of an elec-
tron from state k' to state kf within the lowest subband
under emission of a bulk acoustical phonon with wave
vector q. The 20 EG is considered to be a sheet in an in-

X[:-g(e +@~~+@ )+=„e ]g(z)

)&exp( i k—f r~ ), (4)

where =„=9.0 eV nda:-o ———6.0 eV are the two com-
ponents of the deformation potential,

Bu( Baj+ (5)
2 BXJ BX(

are the components of the strain tensor of the phonon q,

gv(z) =(2av) '~ z exp( —z/2ao)

is the amplitude of the electron wave function, ao is a
thickness parameter, and A is the area. The index p refers
to components wi.thin the 2D EG plane. The displace-
ment of the phonon with the polarization p is given by

u(r) =p fi

2')p V
—iq«re

The integration of (4) over z leads to a form factor

where p=2. 33 gcrn and V are the density and the
volume of the crystal, respectively. It follows from (4)
that M+0 only if
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G(q, )= 1

[I+(nao)']'
The screening was calculated from the dynamic Lindhard
theory

2n PX(qz, co)
e(qp, co) = 1+ F(q~ ),

K
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with the parameters having the same meaning as in Ref.
1. The screening form factor F(qz) reduces the screening
because of the finite thickness of the 2D EG. '

To evaluate the sum over the k states in (1) we choose
the coordinates that q=(q„0,q, ). The argument of the 5
function is zero at

0i I I [ I I l [

0 5

N& {10 cm }
12 -2

10

(10)

This defines the k' states which are allowed from energy
and momentum conservation. Now (1) can be rewritten as

an'
[e(q~,co)]2 2+iii q~

X f de fd(E(k'))[1 —fd(E(kf))] .

Inspection of (10) and (11) shows, firstly, that the max-
imum q~ is of the order of 2kF, a feature known as the
2kF cutoff. Thus, since q =q~/sin8, the maximum q
value must depend on the emission angle. Secondly, if the
electron temperature T,i approaches zero then phonon
emission is possible only if the x component of the drift
velocity is equal to v, /sin8. The condition T,i

——zero can
not be met in standard MOS devices because of the finite
resistance due to impurity scattering. Thus, in order to
make the electric power equal to the phonon emission, T,i
must rise drastically, even at small fields. The resulting
thermal smearing of the Fermi distribution leads to suffi-
cient phase space for electron transitions.

The elastic constants used to evaluate (3) were taken
from Ref. 17. The electron temperature T„was obtained
from a variational procedure. Summing of (11) over all
phonon modes yielded the total emitted phonon power

FIG. 8. Theoretical electron temperatures as a function of
X,. The corresponding kF values are at the top. The parame-
ters are those of Fig. 3.

[Fig. 9 (bottom)] except that the condition q~ =2kF is al-
ready fulfilled at smaller phonon energies.

Also shown in Fig. 9 is the effect of reversing the EsD
field direction. If carriers are drifting away from the
detector, then the intensity is smaller (dotted lines). This
phonon-drag effect is rather small in our samples because
the thermal smearing is large compared with the drift of
the carriers.

In Fig. 10 the emission angle 8 is varied (TA phonons,
kF ——3 X 10 cm ). At small values the maximum
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FIG. 9. Theoretical phonon spectra. The two parts corre-
spond to LA and TA phonons. In each case the spectra are
given for three kF values in units of 10 cm '. In the case of
the TA phonons the effect of reversing the drift-velocity direc-
tion is also shown {dotted lines).

Qti.-= g ~,l q . (12)

The value of T,i was adjusted until Q, i,«, /IepN, EsD, ——
the dissipated electrical power. The resulting T,] values
are plotted as a function of N, in Fig. 8 for the sample of
Fig. 3 and an EsD ——10 V/cm. It turned out that the tem-
peratures varies between 12 and 18 K.

These temperature values were used to calculate the
phonon emission spectra. These were obtained by sum-
ming (12) only over the phonons which could hit the
detector. The angle was set to be 8=54. In Fig. 9 (top)
the LA-phonon intensity is plotted as a function of pho-
non energy. The three traces correspond to the Fermi
vectors 1/10 cm ', 3/10 cm ', and 5/10 cm
respectively. The common feature is the very pronounced
peak with a cutoff towards higher frequencies. In the cut-
off region the qz component of the phonon wave vector is
equal to 2kF. The TA phonons show a similar behavior
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FIG. 10. Theoretical spectra with a k+ ——3X 10 cm ' calcu-
lated for different angles 8.

q =ZkF/sin8 can become very large. A singularity in the
phonon emission, however, is prevented by the finite T,~

and the screening.
Thus to conclude the theoretical section, we have found

that the two dimensionality of the carriers affects the em-
itted phonon spectra profoundly. These depend on the
Fermi vector, the emission angle, the phonon polarization,
and the EsD field direction.

V. DISCUSSION

In the experiment, we used phonon detectors which
were sensitive for a fixed frequency band. By variation of
N, the frequency spectrum was swept over this band.

Several qualitative conclusions can be drawn immedi-
ately from the theoretical spe:tra in Figs. 9 and 10. First,
by increasing X„or equivalently kF, the peak in the
theoretical spectra moves to higher phonon energies. As
soon as it coincides with the sensitivity band of the detec-
tor a steep signal increase is expected, just as observed in
Figs. 5—7. Second, since the theoretical peak frequency
depends on emission angle and phonon polarization, it is
not surprising that the signal increase occurred at dif-
ferent X, values under the different experimental condi-
tions. Third, the dependence of the signal size on the car-
rier drift direction (phonon-drag effect) which was found
experimentally (Fig. 7) is also expected theoretically (Fig.
9). Fourth, the broadening of the increase in Fig. 7 with
larger electrical power levels can be ascribed to a larger
thermal smearing of the 2k~ cutoff.

To compare experiment and theory quantitatively we
calculated the phonon spectra using the parameters of our
sample. The spectra were then integrated over the respec-
tive detection bands, taking the precise shape of the iso-
tope scattering into account. The resulting phonon inten-
sities as a function of X, are plotted in Figs. 4—7 as
dashed lines. A scale factor was used as the only adjust-
able parameter.

The comparison of theory and experiment shows that
the steep signal increase is very well reproduced under all
conditions. The size of the phonon-drag effect in Fig. 7 is
also very well described by theory.

An analysis of the pertinent parameters revealed that
the kF value needed to be correct within less than 5% to

reproduce the signal increase at the measured X, value.
This verifies relation (2). The electron temperature, how-
ever, did not affect the shape of the increase as long as it
was below about 25 K.

Other features in the experimental data, such as the
hump (X,= 5 X 10' cm ) and the signal decrease
(N, =6X10' cm ), could not be explained from our
theory. Interestingly, the signal measured with the broad-
band Al detector turned out to deviate from theory in the
same range of N, values. We cannot explain these
anomahes at present. We suspect, however, that they are
caused by the population of higher subbands which lie
close to EF at large electron densities. ' The influence
of the higher subbands could possibly be tested by apply-
ing uniaxial stress. Such experiments are presently under-
way.

We did not attempt to fit the results at higher EsD
fields in Fig. 7. Calculating the temperature T,&

within
our model would have involved phonon modes close to
the zone edge of Si. In this regime the simple model is
bound to fail.

During the entire work, we always took data also with
the holes. No interesting structures were ever observed.
This is probably a consequence of the more complicated
band structure which allows more possibilities for a hole
transition, particularly those involving phonons with
small q values.

VI. CONCLUSIONS

It has been demonstrated, both experimentally and
theoretically, that the lower dimensionality of the elec-
trons, as well as the Fermi statistics, infiuence the emitted
phonon spectra profoundly. The reduced dimensionality
of the 2D EG leads to the reduction of the momentum
conservation to the components in the plane. This effect
led to the angle dependence of the phonon spectra.

The Fermi statistics caused the 2kF cutoff which was
very well reproduced in the experiments. The cutoff also
tested the theoretical kq values. This kF-testing possibili-
ty of phonon spectroscopy may be exploited further in
other 2D systems.

The phonon spectra, however, behaved as expected only
as long as N, was less than 5&10' cm . It is possible
that the infiuence of the higher subbands must be con-
sidered in the theory at larger X, values. %e will study
this further and hope to learn more about transitions be-
tween different subbands.

Another point which deserves more investigation is the
phonon-drag effect. The observation of dramatic phe-
nomena such as Cerenkov-like phonon radiation may be
possible in high-mobility samples prepared as GaAs het-
erostructures.
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