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Direct Observation of the Hot Electron Distribution Function in GaAslAlGaAs Heterostructures
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A new direct experimental technique to study the form of the hot electron distribution function is
presented. Far infrared emission induced by a weak periodic potential is observed in high-mobility
GaAs/AIGaAs heterostructures with extremely low electron density. The electric-field-dependent spec-
tra give for the first time evidence of a nonequilibriurn shape of the electronic distribution in the electric
fileld direction. The onset of LO-phonon emission is clearly observed. Perpendicular to the applied elec-
tric field, a smooth form of the distribution is found. The results agree well with theoretical distribution
functions obtained from the Boltzmann transport equation.

PACS numbers: 73.6I.Ey, 73.40.Kp, 73.50.Fq

Extremely high mobilities in two-dimensional electron
gases (2DEG) of GaAs/A1GaAs heterostructures give
rise to new transport phenomena [1]. At low electric
fields and low temperatures transport is dominated by
electrons at the edge of the Fermi-Dirac distribution.
Quantum eAects and long ballistic mean free paths of
several 10 pm are observed due to the eAective suppres-
sion of impurity scattering [2]. With increasing applied
electric field a rapid heating of the velocity distribution
results in high electron drift velocities already at moder-
ate external electric fields of = 10 V/cm [3]. A gradual
saturation of the average electron drift velocity to 2 x 10
cm/s and a reduction of the mean free path to values
varying from 1 pm .to 400 nm is found at higher fields
[4,5]. This has been attributed to the infiuence of LO-
phonon emission as a dominant scattering mechanism in

the hot electron regime [6,7]. Therefore the assumption
of a quasiequilibrium hot Fermi gas is no longer valid and
a nonequilibrium shape of the hot electron distribution
function with a steep high energy tail is predicted. This
situation might be evident in high-mobility single hetero-
structures with suSciently low electron concentration
where drift velocities are comparable or even higher than
the Fermi velocity. To our knowledge no experimental
analysis of the electric-field-dependent shape of the distri-
bution function in such high-mobility GaAs/A1GaAs het-
erostructures has been reported so far.

This Letter presents a new experimental technique to
analyze the electric-field-dependent shape of the heated
two-dimensional distribution function in high-mobility
GaAs/A1GaAs heterostructures. The drifting hot elec-
trons are modulated by a weak periodic surface potential
(inset Fig. 1). The potential acts as a coherent scattering
source for the drifting carriers resulting in an energy loss
via photon emission. This emission process is known in

vacuum for relativistic electrons as the Smith-Purcell
eA'ect [8,9]. Observation of the effect in semiconductor
structures is restricted to high-mobility samples with elec-
tron mean free paths exceeding the grating period length
a.

The samples used consist of a 2-6 pm undoped GaAs

bufI'er layer grown on a semi-insulating GaAs substrate, a
800 A undoped Alo4|Ga(j59As spacer layer, a 400 /Ii

Alo 4|Gao &9As Si-doped (15 6-layers of n =1.2 x 10' '

cm ) layer, and a 200 A GaAs top layer. The depletion
charge is nd, p~=0.6x10'' cm . The 2DEG formed in

the undoped GaAs at the interface has an electron con-
centration of 6 & 10 ' cm and a mobility of p =8 & 10
cm /Vs. A weak periodic potential modulation of the
2DEG is attained by periodically nanostructuring (grat-
ing period a =200 nm) the GaAs top layer with a laser-
holographic technique and shallow wet chemical etching
which reduces the initial mobility only about 20%. The
height of the weak periodic potential is determined to
Vo= 0.6 meV at low electric fields by evaluating the ad-
ditional magnetoresistance oscillations in the Shubni-
kov-de Haas effect [101.

The theoretically calculated intensity of the grating in-
duced far infrared emission is determined in second order
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FIG. l. Detector signal of radiation emitted from an unmod-
ulated and a weakly modulated high-mobility GaAs/AIGaAs
heterostructure at T=4.2 K and E =50 V/cm. Inset: Weak
surface potential created by laser holography and wet chemical
etching.
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perturbation theory. For free electrons first order pro-
cesses give no contribution to the radiation. The interact-
ing potential consists of the weak periodic grating poten-
tial

V(x) = Vocos(qx), q =2+/a,

and the electron-photon interaction potential

&(r) =, gAi, eye
'"'" ""' p, (2)

with Ai =(6/ssoroiV)'~ (V is the volume and e the rela-
tive dielectric constant).

Evaluating Fermi's "golden rule" and summing over all
photon modes X, the spectral power per unit area into the
energy interval [hco, pro+ d(@co)] is

P(ro) = 2, , II'ol'2 '
Iql g dki, f(k (q, ro), ki, )[I —f(k (q, ro) —q, ki, )] ',

4+6 m*c mp +q,
(3a)

fPZ
k (q, co) =++ co,

2 5q
Jl

where k~(q, ro) is obtained by integration over the elec-
tron wave vector component k„using the delta function
for energy conservation [11]. The two-dimensional hot
electron distribution function f(k) is obtained numerical-
ly by solving the Boltzmann integral equation [7]. In this
calculation remote impurity scattering as well as LO-
phonon emission and electron-electron interaction are
taken into account. If the electronic distribution is
sufIiciently heated by the applied electric field and the
electron density is small, only a few states are occupied
and the electron gas is well described in a semiclassical
picture [1 —f(k) = 1]. Then one can apply the semiclas-
sical formula for the emission frequency ro =v q (v is the
electron velocity and q is the grating vector) derived from
energy and momentum conservation rules. In this case
the measured emission spectra can be interpreted as a
direct picture of the semiclassical velocity distribution.

The experiments are performed in a liquid helium cryo-
stat. The emitted far infrared radiation is guided to an
optimized magnetic-field-tunable InSb cyclotron-reso-
nance detector [12] via a light pipe. At 4.2 K the InSb
detector has two absorption lines due to the impurity and
the cyclotron resonance transition giving a resolution of
= 1 meV. The experimental setup is described in detail
in Ref. [13]. Two emission geometries are used allowing
current How either parallel or perpendicular to the grat-
ing vector. In both cases only electrons with velocity
components parallel to the grating vector make radiative
transitions.

Figure 1 shows the InSb-detector response when an
electric field of 50 V/cm is applied to the GaAs/A1GaAs
heterostructure parallel to the grating vector. A broad
structure develops in the periodically modulated structure
sitting on a background emission which is also present in

the unmodulated sample. The intensity of this back-
ground radiation increases slightly with the detector mag-
netic field. It is caused mainly by free carrier emission of
the heated electron gas and has been investigated by
Hopfel and Weimann [14]. The contribution of plasmon
and intersubband emission to the observed emission sig-
nal can be excluded. Plasmon emission has been mea-
sured in a stronger modulated sample [15] with frequen-

(3b)

cies independent of the electric field direction having a
Wq dependence contrary to the linear q dependence ob-
served in the weakly modulated heterostructure. Inter-
subband radiation occurs at higher energies since the sub-
band spacings are calculated for the present sample to be
19 meV [16,17].

In the further analysis the thermal background radia-
tion (measured in the unmodulated sample) was subtract-
ed to obtain the pure grating-induced far infrared emis-
sion in the modulated 2DEG. The detector magnetic
field is converted to emission energy by calibrating the
InSb detector with a magnetic-field-tuned, high-purity
GaAs Landau emitter and a Fourier transform spectrom-
eter. The impurity and the cyclotron resonance line shift
nearly linearly with magnetic field. Note that the InSb
detector becomes sensitive to far infrared radiation above
a detector magnetic field of =0.3 T [12]. Consequently
the analysis of the spectra is restricted to detector mag-
netic fields higher than 0.3 T.

Figure 2 displays the electric field dependence of the
emitted radiation when the current is directed (a) parallel
and (b) perpendicular to the grating vector. The uncer-
tainty due to the noise and the resolution of the InSb
detector is displayed by error bars. For an electric field
of 37 V/cm a clear structure in the emission signal is ob-
served. In the case of current parallel to the grating vec-
tor the increase of the external electric field results in a
remarkable shift of the maximal emission signal to higher
energies [Fig. 2(a)]. In addition the slope of the high en-

ergy decay becomes steeper at 75 V/cm. In the structure
with current perpendicular to the grating vector [Fig.
2(b)] the maximum position of the signal is at lower en-
ergies and remains nearly unchanged with increasing ap-
plied electric field. Smooth decays of the high energy tail
are found independent of the external field.

The samples are characterized by the average drift ve-
locity and the mobility (Fig. 3) determined from trans-
port measurements. A gradual saturation of the drift ve-
locity and a mobility loss is found with increasing exter-
nal electric field. The electric field values investigated by
far infrared emission are indicated in Fig. 3 as arrows.
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FIG. 3. Electric field dependence of average drift velocity

and electron mobility derived from current-voltage measure-
ments. The arrows mark electric fields where the far infrared
emission signal is recorded.
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FIG. 2. Detector signal of grating-induced far infrared emis-
sion with current parallel (a) and perpendicular (b) to the grat-
ing vector as a function of applied electric field (solid lines).
Theoretical emission spectrum from a distribution function cal-
culated by numerically solving the Boltzmann transport equa-
tion after formula (3a) (broken lines).

0

It is remarkable that the energy position of the high
energy tail of the emission spectrum at 75 V/cm in Fig.
2(a) corresponds to the electron momentum at the LO-
phonon energy according to m=v. q. At the same elec-
tric field the average drift velocity derived from transport
measurements starts to saturate (Fig. 3) which is attri-
buted to the onset of LO-phonon emission.

The experimental spectra are compared with a calculaee

tion of emission spectra as described by Eq. (3a). Figure
4 shows the intersection lines of electric-field-dependent
two-dimensional distribution function used in Eq. (3a)
parallel (a) and perpendicular (b) to the field direction.
A pronounced momentum shift of the distribution caused
by the electric field can be seen in drift direction. With
increasing applied electric field the maximum of the dis-
tribution shifts to higher k values. The onset of LO-
photon emission leads to a steep decay of the distribution
function. As a result of the small electron density of
6x 10' cm electron-electron interaction is too weak to
thermalize the LO-phonon-induced cutoff' sufficiently.
Consequently the high energy tail deviates from a heated

Fermi-Dirac distribution. Note that the occupation num-
ber of the maximum of the distribution function is about
0.2 due to the small electron density and the high mobili-
ty of the sample. Consequently the observed spectra are
really related to the distribution function as the condition
[1 —f(k) = 1] is fulfilled. The grating-induced far in-
frared emission spectra of the calculated distribution
functions of Figs. 4(a) and 4(b) are displayed respective-
ly in Figs. 2(a) and 2(b) as broken lines. The lnSb
detector characteristic is taken into account by weighting
the spectra with the magnetic-field-dependent InSb-
detector responsivity [12]. A good agreement between
theory and the experimental data is found. All charac-
teristics of the theoretical distribution function are clearly
rejected in the emission spectrum.

Experimental results in Fig. 2(a) (current parallel to
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FIG. 4. Intersection lines of the two-dimensional theoretical
distribution function determined from the Boltzmann-transport
equation (a) parallel and (b) perpendicular to the electric field
at three different external electric fields.
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grating vector) are related to the intersection of the dis-
tribution function in drift direction. As long as LO-
phonon emission is weak the only eAect of the applied
electric field is a momentum shift and a heating of the in-
itially cold Fermi-Dirac distribution. At higher external
fields the experiments show for the first time a remark-
able transition to a nonequilibrium distribution due to
LO-phonon emission. In this electric field regime the
simple electron temperature model cannot be applied to
describe the hot electron distribution function of high-
mobility GaAs/AlGaAs heterostructures with low elec-
tron densities. Therefore we conclude that a nonequili-
brium shape is present in high-mobility and very-low-
density structures. LO-phonon emission then becomes
the dominant energy relaxation mechanism whereas
electron- electron interaction is weak.

The experimental results in Fig. 2(b) (current perpen-
dicular to grating vector) are related to the intersection of
the distribution function perpendicular to the electric
field. The experiments show that the shape of the emis-
sion spectra has a smooth decay at higher energies con-
trary to the results of Fig. 2(a). This eA'ect is confirmed
by the symmetric and smooth shape of the theoretically
calculated distribution function depicted in Fig. 4(b).
The smooth decays are caused by scattering events result-
ing in a heating of the initially cold Fermi-Dirac distribu-
tion perpendicular to the drift direction. The experimen-
tally observed diAerences in the emission spectra parallel
and perpendicular to the grating vector are due to the
small Fermi energy in the low-electron-density sample.
Electron-electron interaction is too weak to generate simi-
lar shapes of the distribution parallel and perpendicular
to the applied electric field.

In conclusion, we have measured far infrared radiation
emitted from periodically nanostructured high-mobility
GaAs/AIGaAs heterostructures. This Smith-Purcell type
radiation provides a new experimental technique to inves-
tigate the electric-field-dependent heating of the hot elec-
tron distribution function in high-mobility single hetero-
structures. When the electric field is directed parallel to
the grating vector the shape of the distribution function
in drift direction is observed. The experimental results
show for the first time a significant change of the distri-
bution function from a quasiequilibrium heated Fermi-
Dirac distribution to a nonequilibrium distribution devel-
oping a steep high energy tail at the LO-phonon energy.
Perpendicular to the applied electric field the spectra are
remarkably diAerent having smooth high energy tails at
lower energies which is attributed to the small Fermi en-

ergy in the low-electron-density sample. The Smith-
Purcell-type emission is only observed in very-high-
mobility samples. If the sample mobility is strongly re-
duced by deeper etching the emission spectra do not de-
pend on the electric field direction. Theoretical distribu-
tion functions obtained from the Boltzmann transport
equation are in good agreement with the experimental
data clarifying the importance of LO-phonon emission as
the dominant energy relaxation mechanism in high-
mobility heterostructures. This results in an asymmetric
velocity distribution present at high electric fields.
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sions. This work was sponsored by the Deutsche Fors-
chungsgemeinschaft.
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