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A change in the conductivity of the two-dimensional electron gas in &-doped GaAs :
samples due to pulsed far-infrared laser irradiation has been detected. It is shown that the
observed positive photoconductivity is caused by heating of 2D electrons. The energy loss
of hot electrons is accomplished by scattering with nonequilibrium longitudinal optical
(LO) phonons. An expression for the effective emission frequency of LO phonons coupled
with electrons and the thermal bath of acoustic phonons is derived and the dependence
of the emission frequency on the lattice temperature is experimentally obtained in the

range 77-300 K.

Keywords: A. quantum wells, A. semiconductors, D. electron-phonon interaction, D.

phonons, E. light absorption and reflection.

1. INTRODUCTION

Hot electron effects in the two-dimensional electron

gas (2DEG) of III-V compounds have been exten-.

sively studied in the last years. One of the remarkable
phenomena, characterizing 2DEG heating, is the for-
mation of nonequilibrium longitudinal optical (LO)
phonons, which gain their energy from hot electrons
during the first stage of the cooling process. The lack
of equilibration is caused by the strong polar interac-
tion of electrons with LO phonons going along with an
effective electron heating in two-dimensional systems
at high electron densities including highly-degenerate
2DEG [1]. Previous investigations have been mainly
carried out with 2DEG of quantum wells or of het-
erostructures at lattice temperatures near 4 K subject-
ing the electron gas to a substantial overheating (sev-
eral 100 K) by powerful femto- and picosecond radia-
tion pulses (see for instance [2] and references therein).
In this case, the transfer of the energy from nonequi-
librium LO phonons to the thermal bath of acoustic
phonons is accomplished by the spontaneous decay of
LO phonons into acoustic phonons of zone boundary

states which are unoccupied at low lattice tempera-
tures. The corresponding cooling time of the nonequi-
librium system constituted by degenerate 2DEG and
LO phonons is practically independent of the lattice
temperature.

For structures with quantum wells or heterostruc-
tures, the formation of 2DEG is always accompanied
by perturbations of the phonon spectrum like the oc-
currence of interface modes, phonon confinement etc.
This makes the analysis of cooling phenomena more
difficult and impedes a comparison with results of in-
vestigations of hot electrons and LO phonons in bulk
semiconductors. From this point of view, the 2DEG
of §-doped structures is more suitable to study heating
effects as in this case the lattice translation invariance
is effectively undisturbed. The reason for the reduced
cooling rate at high electron densities is not fully un-
derstood as yet [1,2]. In addition to previous studies
it is important to investigate the electron energy relax-
ation as a function of the lattice temperature. Here we
report on measurements at comparatively small heat-
ing of 2DEG carried out by pulsed far-infrared laser
in the range 77-300 K lattice temperature.
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Fig. 1. The photosignal of the §-doped structure at

T =T77TK (A = 250 um). The positive sign of the sig-
nal corresponds to an increase in the 2DEG channel

conductance under the action of the laser pulse. Pulse -

A corresponds to the “dark” condition when the sam-
ple was cooled in darkness, and pulse B was measured
at steady-state illumination with visible light (“light-
on” condition). In the last case, an additional long-
time tail appears which occurs under the “light-on“
condition only.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

The investigated samples consist of MBE grown
GaAs with one §-layer, S mm long and 1 mm wide,
at a distance of 20 nm from the semiconductor sur-
face. The total wafer thickness is 300 ¢t m. The donor
atoms are Si with a density of 6- 1012 cm~2. The 2DEG
density is 3 - 1012 cm™2 due to the spatial redistribu-
tion of carriers between the surface states and the 6-
layer. The investigations of the samples at temperature
4.2 K have shown, that tunneling-spectroscopy and
magneto-transport data are in good agreement with
the results of self-consistent calculations of the energy
structure of two-dimensional subbands in the §-doped
layer of 5 nm width [3].

The used radiation source was a pulsed CH;F
molecular laser optically pumped by a TEA CO, laser
providing < 100-ns pulses at wavelength, A, 250 um.
The maximum intensity of radiation in the sample was
1 MW/cm?. For variation of the intensity, calibrated
teflon attenuators were used. The intensity incident
on the sample was simultaneously monitored by a
fast photon drag detector. The measurements were
carried out with the irradiation on the §-layer side of
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Fig. 2. The 2DEG channel resistance R as a function
of the temperature T'. Curve A was measured as the
sample was cooled in darkness. Curve B corresponds
to the “light-on” condition. Curve C was measured
under the persistent photoconductivity condition, i.e.
the sample was cooled in the dark from room temper-
ature to T' = 77 K and illuminated by visible light up
to saturation of the change in the resistance. Then the
R(T) curve was measured in darkness.

the sample. Ohmic contacts to the §-layer (1 and 2 in
the insert of Fig. 1) were prepared on the surface of
the sample and the sample was biased in series with
a 50 Ohm load resistor. The sample resistance was
> 7 kOhm. The photoresponse, Ao/, where o is
the conductivity of the sample, was determined from
the voltage signal pulse,

3. EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 1 shows typical signal pulses. The sign of the
fast signal corresponds to an increase in the 2DEG
channel conductance due to far-infrared irradiation.
This positive photoconductivity of the channel may be
explained qualitatively by electron heating. To prove
this, the temperature dependence of the channel re-
sistance must be known. In Fig. 2, the measured re-
sistance R as a function of the lattice temperature is
shown for different conditions: (A) in the dark, (B) the
sample permanently illuminated by visible light, (C)
after illumination switched off (persistent photocon-
ductivity). The origin of the persistent photoconduc-
tivity is likely to be the same as in Ref. [4]. In case of
continuous illumination with visible light, a long-time
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tail of opposite sign occurs in addition to the fast posi-
tive signal (Fig. 1, curve B). This will not be considered
here because the fast channel signal related to 2DEG
mobility change does not depend on the illumination
conditions which affect mainly the 2DEG density.

Hall measurements have shown that the tempera-
ture dependence of resistance R in the dark is mainly
caused by the change of 2DEG mobility . In order to
analyze the heating effects in the 2DEG, the electron
distribution in the two-dimensional subbands must be
known. The shape.of the §-layer potential well and
the spectrum of two-dimensional subbands were cal-
culated in accordance with [3]. Then we obtained the
value of the Fermi energy of 93 meV for the lowest
and of 17 meV for the first excited subband. A rig-
orous treatment of hot 2D electrons is quite cumber-
some taking into account the subband filling. As a first
approach, we therefore have analyzed the measured
photoresponse in a one-subband approximation. Ef-
fective parameters of the 2DEG were taken from Hall
measurements.

As the mobility is determined by charged impu-
rity scattering it depends on the electron temperature
only. This allows us to use the dependence of R on
T to determine the hot electron temperature 7,. The
electron temperature approximation can be used in
data handling. The presence of a Maxwell distribu-
tion of hot 2D electrons at a comparable electron den-
sity was proved experimentally by hot luminescence
spectra in [5,6]. In addition, theoretical estimations of
the electron-electron collision frequency give a time of
50 fs for the establishment of the Maxwell distribution
of free electrons. This time constant is shorter than the
electron - LO phonon relaxation time which is of the
order of 150 fs [1].

Figure 3 shows the temperature dependence of the
far-infrared response. The magnitude of the response
drops by two orders of magnitude in a range where
the temperature increases approximately by a factor
of three. This behav1or might be attributed to an ex-
ponential factor like exp(—hwo/kpT,) in the electron
energy loss rate (Fwy = 36.5 meV is the energy of LO
phonons in GaAs). As known, the electron energy loss
rate due to scattering by LO phonons may be described
by the term A * exp(—Fwq/kpTe) irrespective of a
possible heating of LO phonons (see for example [1]).
The data of Fig. 3 show, however, that such an expo-
nential term is not sufficient to describe the observed
temperature dependence. In widely accepted theoret-
ical expressions at the same time the pre-exponential
factor 4 does not depend or shows only a weak depen-
dence on the temperature (see for example Egs. (3.10)
and (3.13) in [1]).
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Fig. 3. Temperature dependence of the relative photo-
conductivity Ao/ o normalized to the intensity J. The
solid line shows the exp(Awo/kT) behaviour.

As far as we know the explicit formulae for the elec-
tron energy loss by LO phonons which can be found in
the literature were obtained for non-degenerate 2DEG
only. Here we give a more general expression for this
quantity which allows us to describe the experimen-
tal data given in Fig. 3 in the framework of a heating
model.

4. THEORETICAL ANALYSIS OF
ELECTRON-PHONON HEATING

In the electron temperature approximation, the set
of equations for electron temperature 7, and for the
nonequilibrium distribution function Nt of phonons
is given by:

nceaaT = Pexi — P(T, Ny), (1)
ANy lal* B2
@ "y ama e 0 w)]
N — NX(T, wy)
0 _ L S S e 4
x [N(T,, wp) - M) @

Here # is the electron density, ¢, is the heat capac-
ity per electron, Pey is the power per unit volume ab-
sorbed by electrons, Ny is the distribution function of
phonons with wavevector f, N°(T, wy) is the P]anck
distribution function for temperature T, lcfl is the
square of the matrix element of electron-phonon in-
teraction, ¥ is the normalized volume, 3¢ is the di-
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electric constant of the lattice, £(f, wy) is the dielectric
function of the electron gas, T¢(T') is the relaxation
time of nonequilibrium phonons owing to the interac-
tion with the thermal bath. It should be stressed that
Eq. (2) is correct if only the phonon relaxation is due
to creation-annihilation processes which are linear in
the phonon occupation numbers Ny under the condi-
tion Ny << 1. The system of Eqs. (1-2) is valid for
phonons of any branch. In Ref. [7], it was applied to
analyze the effect of the acoustic phonon heating on
the dynamical energy relaxation time of the 3D elec-
trons in #-InSb at quantizing magnetic fields. In that
case, the relaxation time Tg(7T") described the thermal-
ization of acoustic phonons at the sample boundaries.
Here we consider the decay of LO phonons into acous-
tic phonons.

The expression for the power P(T, Ni) transferred
per unit volume by electrons to phonons N can be
obtained from Eq. (2) after multiplying the first term
by Awr and taking the sum over all f. The result is:

P(T, N) = 7 3" Bopn(T) [N(T, wp) - N).
f
©)

Here we have introduced the emission frequency v¢(T;)
of phonons with wavevector f by the electron gas at
temperature 7;:
2.2 .
'—9721—’2‘—”52— [-me ' wp]. @
It should be noted that Eq. (3) is more general than
the well- known expression of Kogan [8]. Here we did
not make use of the assumption in [8] that the phonon
subsystem is in thermal equilibrium. Thus the phonon
distribution function N; in Eq. (3) is arbitrary. The
presence of Ime~1(f, wy) in Eqs. (1)-(4) allows for the
screening of the electron-phonon interaction as well.
The duration of radiation pulses (~ 100 ns) used
in this work are much longer than the characteristic
cooling times of the electron-LO-phonon subsystem
(a few ps [2]). Therefore, the radiation heating can
be considered as stationary. Finding Ny from Eq. (2)
for the steady state, substituting it in Eqgs. (3) and (1)
and disregarding the f-dependence of the LO phonon
frequency wy, we obtain the equation for the electron
temperature, which can be written as:

Py = nRov(T,, T) [NO(T,, wo) — N(T, wo)],
e
where we have introduced the effective emission fre-

quency of LO phonons by electrons v.(T, T') which
is given by: '

vi(Te) =

1 vi(Te)

Ve D) = A T DTy

(6)
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All above expressions are valid for 3D electrons as
well as for a 2DEG in single-band approximation if
the proper matching of the dimension of the phonon
wavevector f and of the expressions for &(f, ws) and
|cs|* are made.

5. TEMPERATURE DEPENDENCE OF
EFFECTIVE EMISSION FREQUENCY OF LO
PHONONS

In the present experiments, the heating of the
electrons is small (AT, = 1 + 20 K). Therefore, in
Eq. (5) N%(T, w) cannot be neglected in compari-
son to N%(T,, wy) as it is usually done. The values
of v¢(T,, T) were obtained from the data by means
of the following procedure. The electron temperature
T; was determined using the magnitude of the 2DEG
photoresponse. The radiation-induced conductivity
change Ao (Fig. 3) and R(T') measured in the dark
(Fig. 2) allow to calculate N%(T;, w,) in Eq. (5). After
that the quantity

VUT) = vo(T,, T) gt 0

was calculated according to Eq. (5). The radiation
power absorbed by the electrons, which is necessary for
calculations, was evaluated according to the relation

Pyt = U'(T)Ez.

where o(T') was taken from data in Fig. 2. The square
of the effective electric field strength of the electro-
magnetic wave in the §-layer was calculated from the
measured intensity J of the incident radiation by the
expression

4Ry4e
T el ®

where R,q = 120mOhm is the free space impedance.
This expression does not take into account the possible
interference of the radiation in the GaAs substrate.
The results of the calculations are given in Fig. 4.
Note that the dependence of v2(T) on T in the in-
vestigated temperature range turned out to be strong
enough that it must not be neglected. Since v3(7T) at
the low-temperature side was found to be of the or-
der of the reciprocal cooling time, 1/T,, of nonequi-
librium LO phonons in Gads [1,2], [5, 6], it is possible
to assume that in this temperature range V¢ = 1/7,
(see Eq. (6)). This can be seen from Eq. (6), assuming
Tr.= T, = const and vty >> 1 for all f in the range
of essential contributions to the integral (the same
analysis was done in [7]). Because |f| of LO phonons
heated by electrons is small compared to wavevectors
of acoustic phonons [9], the dependence of T¢ on f can

E?=
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Fig. 4. The dependence of the effective emission fre-
quency of LO phonons by electrons on the lattice tem-
perature. The solid line is plotted in accordance to the
Egs. (10) and (11).,

be neglected. Therefore it is possible to find a numer-
ical approximation for the measured temperature de-
pendence of v2(T) (Fig. 4). The temperature depen-
dence of the relaxation time T,(7"), which describes
the contribution due to the temperature dependence
of the occupation numbers of acoustic phonons, has
been taken into account according to [9,10]

T,T) = Tyotanh(Fwo/4kpT). )

It turned out that tThe data given in Fig. 4 can be fitted
well by

VO(T) = veg coth(Rwo/4ksT) Py (ks T/ hwy), (10)

where vq=1.05- 1012 s~! and P;(x) is a second order
polynomial of x, well described by

Py(x) = 10x* —dx + 1. (11)

It is clear that Eq. (10) is asymptotically correct in
the low-temperature range yielding v2(0) = veo in the
limit 7 — 0. At the same time, the dependence of
VI(T) on T, following from Eqs. (10) and (11), does
not agree with Eq. (9) in the high temperature limit.
This disagreement may indicate that, as the lattice
temperature grows, either the condition of strong LO
phonon heating is violated or the theoretical deriva-
tion [10] of Eq. (9) must be revised. In the first case, the
inequality vyt >> 1 becomes invalid and v.(T,, T)
depends on v which describes the electron energy re-
laxation to equilibrium LO phonons. The finite Fermi
degeneration of the 2DEG and the dependence of the

screening of electron—phonon interaction on the tem-
perature can also be essential for the understanding
of the observed dependence of v2(T) on T. With re-
gard to the second case, we can add that the elec-
tron screening of phonon-phonon interaction should
be taken into account at high electron densities in po-
lar and piezoelectric semiconductors such as GaAs.
Note that the lattice heat capacity of GaAs as a
function of temperature undergoes the crossover from
the low-temperature quantum behavior to the high-
temperature classical one [11] in the same temperature
range of the order of 50-100 K where v2(T') deviates
from Eq. (9). However, in this temperature range the
Eq. (2) should be fully valid, as it follows from theoret-
ical considerations in [12], for LO phonon - acoustic
phonon coupling in GaAs up to the Debye tempera-
ture. This results from the fact that in polar semicon-
ductors such as GaAs, which do not have inversion
symmetry, three-phonon processes of decay (creation)
of one LO phonon into (from) two acoustic phonons
should be predominant (see Secstions 6 and 20 of [12]).
In conclusion, we have observed a far infrared pho-
toconductive response of a 2DEG in §-doped layers
in GaAs. The change of conductivity is caused by
heating of free electrons whose energy loss is due to
emission of nonequilibrium LO phonons. The effec-
tive emission frequency v.(7,, T) as a function of
lattice temperature was determined from the photo-
conductive signal at low electron heating. The ob-
served intensity dependence of the signal showed that
ve(T,, T) depends only weakly on T, at T < 100 K.
This result is in good agreement with previous in-
vestigations carried out at low lattice temperatures
(~ 4 K) where in fact v.(T,, 0) had been measured.
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