PHYSICAL REVIEW B 78, 195318 (2008)

Mechanism of microwave-induced photoluminescence modulation and optically detected

resonances due to a two-dimensional electron gas in a heterostructure

I. Baskin, B. M. Ashkinadze, and E. Cohen
Solid State Institute, Technion-Israel Institute of Technology, Haifa 32000, Israel

L. N. Pfeiffer
Bell Laboratories, Alcatel-Lucent Technologies, Murray Hill, New Jersey 07974, USA
(Received 30 June 2008; revised manuscript received 22 September 2008; published 19 November 2008)

The effect of pulsed microwave (mw) irradiation (at 36 GHz) on the photoluminescence (PL) of modulation-
doped GaAs/AlGaAs quantum wells (MDQWSs) containing a two-dimensional electron gas (2DEG) is studied
by time-resolved spectroscopy at an ambient temperature of 2 K. The temporal response of the two-
dimensional electron-hole PL to a short mw pulse reveals remarkable PL intensity kinetics with overshoots and
a long decay time (>10 ns) after the mw pulse terminates. The observed effects are explained by the temporal
evolution of the energy redistribution of photoexcited holes. This redistribution is caused by nonequilibrium,
long-lived acoustic phonons that are emitted by the mw heated 2DEG and are absorbed by the holes. Optically
detected resonances (ODRs) of the 2DEG are observed in both the two-dimensional electron-hole PL band and
in the PL line of excitons that are photoexcited in the undoped superlattice adjoining the MDQW. This provides
an experimental proof that the emitted acoustic phonons propagate ballistically throughout the entire hetero-
structure and induce an effective, long range, indirect interaction between the mw heated 2DEG and the holes
(as well as with the spatially separated excitons). This interaction constitutes the underlying mechanism of the
mw-induced ODRs observed in heterostructures containing a 2DEG.
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I. INTRODUCTION

Microwave (mw) or infrared (IR) irradiation of hetero-
structures containing a two-dimensional electron gas (2DEG)
gives rise to remarkable modulation of the resistivity and of
the photoluminescence (PL) spectrum.!~' Under an external
magnetic field, a resonant enhancement of the mw-induced
PL (resistivity) modulation occurs and it is studied by opti-
cally (electrically) detected two-dimensional-electron (2De)
resonances (ODRs): cyclotron, magnetoplasma, and spin.'”
The ODR line shape, resonant magnetic field, and linewidth
are often used to extract 2DEG properties such as effective
mass, mobility, density, and g factor. In contrast to direct mw
(IR) resonance detection, ODR is a nonlinear phenomenon
since it can only be observed when a 2DEG property is
changed under mw (IR) irradiation. The underlying physics
of these mw-induced changes is not well understood
yet. 5710

The primary result of the electron-mw radiation interac-
tion is an electron energy increase due to absorption of mw
quanta. At low lattice temperatures (7; <10 K), the excess
electron energy leads to heating of the entire 2DEG so that
the electron temperature 7, exceeds 7,.'! Similar heating ef-
fects occur under high intensity optical or IR
illumination,'>!3 as well as under application of a high dc
electric field.'*!> They cause 2DEG mobility reduction and
PL spectral changes. While the primary process of mw ab-
sorption by the electrons is well understood, the way it leads
to PL spectral modulation'® as well as to resistivity
variations>®!? requires further investigation. This is the ob-
jective of the present study.

Hot electrons can cause a variety of secondary processes
such as electron (hole) and exciton density variations
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(én, n,),""'° an increased population of nonequilibrium
low-energy acoustic phonons,”?*-?? and lattice temperature
variations AT,."'* Each mw-induced process has a specific
time evolution: 7, and nonequilibrium phonons relax in time
scales of 107 s (Refs. 11 and 23) and 1077-1078 ,20-22
respectively. The relaxation times of dn, on, are slower
(~10™4=1077 5).192224 The bolometric effect relaxation
(AT,) is very long.'* Therefore, studying transient dynamics
is important in clarifying the physical mechanisms that gov-
ern the effects caused by electron heating in semiconductor
heterostructures.

Here, we report on a detailed study of time dependent
mw-modulated photoluminescence (MPL) and ODRSs in het-
erostructures containing a modulation-doped GaAs/AlGaAs
quantum well (MDQW) with a high mobility 2DEG.

Under weak light illumination, 2DEG radiatively recom-
bines with photoexcited free holes (h) in direct, interband
optical transitions. The resulting 2De-h PL spectrum is de-
scribed by the product of the 2DEG energy distribution func-
tion (DF) with that of the free holes.” Both energy distribu-
tions are perturbed by mw irradiation, and we show that the
observed mw-induced PL modulation is mainly due to a
change in the hole DF. The hole-energy redistribution is
caused by nonequilibrium, low-energy acoustic phonons
emitted by the mw heated 2DEG. ¢

The time-resolved PL experiments presented in this study
show remarkable transient PL intensity kinetics with over-
shoots and slow decay (>10 ns) after the termination of a
short mw pulse. We attribute the observed mw-induced PL
kinetics to the temporal evolution of the hole-energy redis-
tribution due to a “hot phonon effect”—increased population
of nonequilibrium low-energy acoustic phonons. Thus, an
indirect, long-range interaction between the mv-heated
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2DEG and the photoexcited holes is mediated by the non-
equilibrium phonons. The main result is a net reduction of
the hole-energy relaxation rate. We also show that the physi-
cal mechanism of all the ODRs arises from the interaction of
the nonequilibrium acoustic phonons with either holes in the
MDQW or with excitons in adjoining undoped layers of the
heterostructure.

The paper is laid out as follows. Section II details the
studied samples and experimental methods. In Sec. III, the
experimental results for the time-resolved (and cw) mw-
induced spectral PL changes are presented. ODRs that are
observed in the 2De-h PL of the MDQW as well as in the
exciton PL of the adjoining heterostructure layers are consid-
ered in Sec. IV. A discussion of the origin of the mw-
modulated PL spectrum, transient mw modulation, and the
ODR mechanism is given in Sec. V. Conclusions are pre-
sented in Sec. VL.

II. EXPERIMENTAL

Time-resolved mw-induced PL modulation was studied in
several asymmetrically (single-side) as well as symmetrically
(two-side) modulation-doped GaAs/AlGaAs quantum well
structures. The samples were grown by molecular-beam ep-
itaxy on (001)-GaAs wafers. The GaAs quantum well (QW)
width is in the range 20-40 nm, and the Si &-doped layer is
separated by an AlGaAs spacer whose width varies in the
range of 50-100 nm, depending on the doping level. The
2DEG formed in the QW has a density in the range n,p
=(0.2-2) % 10'"" cm™2 and mobility in the range w,=(2-5)
X 10% ¢m?/V s. Some samples also contain two 100 periods
of GaAs/AlGaAs (3/10 nm) superlattices (SLs) grown on the
two sides of the MDQW, and the mw-modulated PL of these
undoped SLs was also studied.

Two types of sample geometries were used: (1) cleaved
rectangles that have a typical size of 1.5X3 mm? and (2)
round mesas with a diameter of 0.5 or 1 mm that were fab-
ricated by surface etching in order to laterally confine the
2DEG. The sample was inserted inside a short-circuited 8
mm waveguide, at the maximum of the mw electric field,
which was directed in the 2DEG plane.

The mw radiation at 36 GHz (=0.17 meV) was supplied
by a Gunn diode, and the mw transmission of the sample
containing the 2DEG was measured by a diode-detector. The
incident mw power was varied in the range of P,
=(0.01-20) mW and it was modulated with a high-speed
p-i-n switch that generates mw pulses with rise and fall times
of 5 ns. The mw pulse duration and modulation frequency
were varied in the range of (4X107%-107%) s and f
=1 kHz-5 MHz, respectively.

Photoexcitation and PL detection was done through a
small hole in the waveguide. A laser diode with photon en-
ergy of E;=1.56 eV (below the AlGaAs band gap) illumi-
nated the sample at incident light intensity [,
<100 mW/cm?. Some of the experiments were preformed
under an external magnetic field B that was applied perpen-
dicularly to the 2DEG layer and was scanned in the range of
0-0.4 T. We note that the 2DEG cyclotron resonance (CR) is
at Bcr=0.085 T, corresponding to the electron effective

PHYSICAL REVIEW B 78, 195318 (2008)

3r £V —
2 ’ 6 N~ R |
c e
= 2t f &~ |
T
L e S00t0setane 1
U “%%%%e
>
E (R == B 2
(0] | W |
< 7 W%N
| A E [ SN 3
o 0 F:
T T T
2 WWM ‘
c O 5

20-nm MDQW, 2K
N,p= 2x10""cm’?

MPL
o

| Il Il L
T T T T
1.520 1.524 1.528 1.532

Photon energy (eV)

FIG. 1. The 2De-h photoluminescence (a) and microwave-
modulated PL (b) spectra (7;,=2 K). Curve 1 was obtained without
mw irradiation, and all other with cw mw power of: P ,=0.5
mW—curves 2 and 4; P,,=2 mW—curves 3 and 5; P,,,=20
mW—curve 6. Inset: a schema of 2DEG-hole optical transitions
where G is photogeneration, and g, shows a highest energy of the
holes recombining with the 2DEG. 7{; and 7y are the relaxation and
2DEG-h recombination times, respectively. The solid lines in (a)
display the PL spectra calculated using Eq. (1) with the fixed values
of Ep=7.2 meV, I'=0.7 meV, m;,=0.35m, and with the following
T, and T), fitting parameters: 1.9 and 2.5 K (curve 1); 3.4 and 4.9 K
(curve 2); 9 and 20 K (curve 3).

mass of 0.067m, and the used mw frequency. The experi-
ments were done at 7;=2 K, and the sample was immersed
in liquid He.

The PL was analyzed by a spectrometer with spectral res-
olution of 0.1 meV. The signal was detected by a cooled
photomultiplier having a response time of 2 ns. A study of
mw-modulated PL (MPL) was performed either with a two
channel gated photon counter or using the time correlated
single-photon counting technique. In the first method, the
MPL spectra and ODR traces were obtained by subtracting
the PL intensities obtained under mw radiation from those
measured at P,,,=0. The temporal evolution of the MPL
intensity change at a monitored photon energy E,, was stud-
ied by using the second technique.

III. CW AND TRANSIENT MW-INDUCED
PHOTOLUMINESCENCE MODULATION

All the studied MDQWs showed similar mw-induced PL
modulation effects. Figures 1(a) and 1(b) present typical PL
and MPL spectra obtained for a 20 nm wide MDQW con-
taining a 2DEG of n,p=2X 10" ¢cm™2. The PL spectrum
without mw irradiation [Fig. 1(a), curve 1] is typical of
2De-h recombination of a high mobility 2DEG with a very
small density of photogenerated electrons and holes
An, Ap<<n,p. The full width of the spectrum is 7.2 meV
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which is close to the Fermi energy Ej for the given n,p. The
PL band has a strongly asymmetric shape, indicating that the
photoexcited holes relax toward lowest-energy valence-band
states and radiatively recombine with the 2DEG in direct
optical transitions.

The 2De-h PL spectrum is modified with increasing P,,,,
as shown by curves 2 and 3 in Fig. 1(a). The corresponding
MPL spectra are shown by curves 4 and 5 in Fig. 1(b). Under
mw irradiation, the PL intensity decreases in the low-energy
part of the PL spectrum (negative MPL signal) and increases
(positive MPL signal) at higher photon energies, both below
and above Ep. It should be noted that the steady state, inte-
grated 2De-h PL intensity does not change under cw mw
irradiation'® in the power range P, <10 mW.

Similar MPL spectra are also obtained under a perpen-
dicularly applied magnetic field that is equal to the 2DEG
cyclotron resonance field Bqg. In this case, the mw power
P2, required to obtain the MPL spectrum coinciding with
that measured at B=0 is much lower than P, (by ~40-200
times). From this observation we conclude that the primary
cause of 2De-h PL modulation is mw heating of the 2DEG
since the mw absorption by the 2DEG is highest at B=Bcg."”

Microwave heating raises the electron temperature 7, and
affects mainly the electron distribution near Ey. Therefore,
the negative MPL signal in the low-energy spectral part (E
< Ep) and the positive MPL signal around Ej cannot be ex-
plained by the sole effect of rising 7,. It must be due to a
decreased (increased) hole population of low (high) energy
valence-band states as the 2DEG is heated by mw irradia-
tion. Therefore, the observed mw-induced PL modulation re-
sults from modification of hole-energy distribution function.

In order to study the underlying mechanism of this mw-
induced (secondary) effect, time-resolved experiments were
performed in two time ranges. First, MPL spectra were mea-
sured at various modulation frequencies of P, (in the range
of f=100 Hz-0.4 MHz). It was observed that the MPL
spectrum and its intensity were independent of f in a wide
range of P, (<10 mW) and were similar to those shown in
Fig. 1(b). Therefore, any MPL intensity relaxation process
must be faster than 2 us. Second, the temporal evolution of
the PL spectrum under short mw pulses (of 100 ns duration)
and repetition rate of 0.5-2 MHz was studied.

Representative time-resolved PL spectra under mw pulse
irradiation are shown in Fig. 2. These were obtained with a 2
ns gate at various time delays relative to the leading mw
pulse edge (as shown in the inset of Fig. 2). At time delays of
—20 or +140 ns and within the mw pulse plateau, the spectra
(open and full circles, respectively) are similar to the steady-
state PL spectra measured with and without cw mw irradia-
tion. The spectrum marked by stars was obtained when the
mw pulse terminates, namely at a time delay of 112 ns. It
differs from that obtained at P, =0 in the spectral part of
1.521 eV<E<1.528 eV while the PL intensity decreases
to its steady-state value at E>1.528 eV. Therefore, the
hole-energy redistribution caused by mw radiation lasts at
least 12 ns after the mw pulse termination. Moreover, as the
gate is set closer to the trailing mw pulse edge (time delay of
105 ns), the spectrum (square symbols) shows an additional
PL intensity increase at E<<1.527 eV when compared to the
spectrum under mw pulse (full circles). This gives rise to an
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FIG. 2. Transient PL spectra (at P, ~2 mW) measured at sev-
eral delay times relative to the mw pulse leading edge, as shown by
the corresponding symbols in the inset. Inset: Temporal dependence
of the spectrally integrated PL intensity (solid line) and the mw
pulse (dashed line).

increased transient integrated PL intensity when compared
with the steady-state value, as shown in the inset of Fig. 2.

The transient PL intensity signals monitored at E,,
=1.524 eV (marked J, in Fig. 2) are presented in Fig. 3(a)
for several P, values. Curve 1 shows the 100 ns mw pulse
measured with a fast mw diode detector. At the lowest ab-
sorbed mw power (P2 <0.05 mW and B=Bg), the PL in-
tensity J (at E,,=1.524 eV) increases within the mw pulse
duration by a factor of ~2 relative to its value prior to the
pulse (marked Jy), and its transient follows the mw pulse
waveform as seen in curve 2. As P2 increases, the leading
and trailing edges of the transient PL signal are modified and
intensity overshoots appear in both mw pulse edges [curves
3-5 in Fig. 3(a)]. The overshoot amplitude (e.g., a spike of
~3J, in curve 5) is much higher in the trailing edge. At the
same time, the transient PL signal within the mw pulse pla-
teau shows a nonmonotonic dependence on PZ_: it first in-
creases and then decreases [cf. curves 2, 3, and 5 in Fig.
3(a)]. A similar dependence of the MPL intensity at E,,
=1.524 eV on P is observed in the cw MPL spectra
[curves 4, 5, and 6 in Fig. 1(b)].

Remarkable transient PL kinetics are observed around the
trailing edge: the intensity increases during ~5—-10 ns after
the mw pulse terminates and then it decays in the next 10-20
ns. Thus, the PL intensity relaxation becomes significantly
longer than the mw pulse fall time.

The transient PL intensity traces monitored at various PL
energies are presented in Fig. 3(b). They were measured un-
der P2 ~0.3 mW and B=B=0.085 T.In order to clearly
present the transient intensity changes for various E,,, the PL
signal measured before the pulse starts was subtracted and
the resulting transient MPL signal was multiplied by the fac-
tor shown near the curves in Fig. 3(b). It is observed that a
negative MPL signal at low energies, namely, at E,,
~1.520 eV, has a longer decay than the mw pulse fall time
[cf. curve 1 in Fig. 3(a)]. For MPL monitored in the spectral
range E,,> Ep [at 1.529 €V, in Fig. 3(b)], the signal is posi-
tive and its decay time is ~10 ns. For 1.522 eV<E,,
<1.527 eV [Fig. 3(b)], a strong asymmetry is observed be-
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FIG. 3. Transient PL intensity traces mea-
sured under a mw pulse (100 ns) at Bcg
=0.085 T. Curve 1 in (a) shows the mw pulse
waveform. (a) PL intensity monitored at E,,
=1.524 eV for the following PZ : 0.05 mW—
curve 2; 0.2 mW—curve 3; 0.5 mW—curve 4; 1
mW-—curve 5. Jy is the PL intensity at P,,=0.
(b) Transient MPL intensity monitored at several
E,, values and at P2 =0.3 mW (B=0.085 T).
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tween the transient intensity signals in the leading and trail-
ing edges.

IV. OPTICALLY DETECTED RESONANCES

The mw-induced PL intensity modulation depends on
magnetic field and shows strongest changes at B values
where the mw absorption is high. Figure 4 displays the PL
intensity dependence on magnetic field J(B) measured under
cw mw irradiation (for the same MDQW structure that was
used in obtaining Figs. 1-3). The results shown in Figs. 4(a)
and 4(b) were measured for two samples: a cleaved rectan-
gular sample and a circular mesa, respectively. The curves at
the bottom of the figures display the mw absorption traces
obtained from the direct mw transmission measurements us-
ing a mw detector P/ Py = (P Pransmiticd)/ Prw-

As described in Sec. II, the MDQW in the studied hetero-
structures is grown between two supperlattices [marked b-SL
and u-SL in the inset of Fig. 4(b)]. Under photoexcitation

Photon energy (eV)

100 120

with a He-Ne laser (E;=1.95 eV), both the 2De-h PL of the
MDQW and the exciton PL of the undoped upper SL are
observed [upper panel of Fig. 4(b)]. Under cw mw irradiatin
PL intensity decreases (increases) in some magnetic field
ranges [see Figs. 4(a) and 4(b)], and these are identified as
optically detected cyclotronlike resonances (ODRs).”#19

ODRs occur at the same B values where the mw absorp-
tion resonances take place. However, the ODR line shapes
[namely, J(B) dependencies] differ significantly from the di-
rect 2DEG mw absorption bands [bottom curves in Figs. 4(a)
and 4(b)]. The latter bands are 2DEG dimensional magneto-
plasma resonances (DMPRs) that depend on the sample size
and shape.”!” The DMPR magnetic field value By varies
with n,p and sample geometry and shifts from the single
electron CR Bcg=0.085 T.? Hence, the DMPR mw absorp-
tion gives rise to the corresponding ODRs in the J(B) depen-
dence. Several ODR bands as well as several DMPR bands
seen in Fig. 4(a) are due to various DMPR modes inherent to
the rectangular sample geometry.

FIG. 4. J(B) (ODR traces) and the mw ab-
sorption dependence on B (bottom curves). (a)
J(B) traces obtained in a rectangular 2X 1 mm?
sample. Open circles and triangles show the J(B)
measured within the 2De-h PL band (E,
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=1.524 eV) at P,,=0.02 and 3 mW, respec-
tively. Square symbols display the J(B) depen-
dence monitored at u-SL exciton PL line (E,,
=1.599 eV, P,,=0.2 mW). Top panel of (b)
displays the sample structure containing the
MDQW between two SLs. The corresponding
2De-h and exciton u-SL PL spectra are obtained
at P,,,=0 and 0.05 mW. (b) J(B) dependencies
measured at E,,=1.524 eV and E,,=1.599 eV in
a mesa sample of 0.5 mm diameter. J;, is the PL
intensity at P,,,=0. Bottom curve is the corre-
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sponding mw absorption trace.
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The curves shown by circular and triangular symbols in
Fig. 4(a) were measured at the same 2De-h PL energy for
two P, values. They demonstrate the strong nonlinear ef-
fect of increasing P, on the ODR line shape: broadening
and sign reversal. Pronounced resonant changes are also de-
tected in the exciton PL of the upper-SL at E,,=1.599 eV: its
intensity decreases as the mw absorption increases. As
shown in the top panel of Fig. 4(b), the exciton PL line
shape, however, is not modified under mw irradiation.

For the mesa sample [Fig. 4(b)], only the main DMPR
mode is excited and all the traces demonstrate a single ODR
resonance band. The J(B) dependence of the 2De-h and ex-
citon SL PL (circles and squares, respectively) shows their
ODR at the same Bz=0.062 T, and therefore, both ODRs
are caused by mw absorption by the 2DEG in the MDQW
(under DMPR condition). The primary effect of mw absorp-
tion by the 2DEG is further tested as follows: the He-Ne
laser beam was directed outside the mesa [the point marked y
in the inset of Fig. 4(b)] and the exciton PL from the bottom
SL was monitored. It does not show any resonant quenching
under mw irradiation. Moreover, a noticeable mw modula-
tion of this b-SL PL occurs at a much higher P, as com-
pared with that of the exciton u-SL PL. The latter modulation
is observed at very low P, (~0.05 mW) since it is due to
mw absorption by the 2DEG.

The integrated exciton SL PL intensity decreases and this
means that the mw-induced exciton PL modulation is due to
activation of nonradiative recombination channels in un-
doped QWs (and SL).!”?6 On the contrary, the integrated
intensity of the 2De-h PL does not change under mw irradia-
tion [see also Fig. 1(b)] since the 2De-hole recombination is
mainly radiative.'®

Different line shapes are observed for the DMPR detected
directly in mw transmission (bottom curves in Fig. 4) and for
the ODRs observed in the 2De-h PL and in the exciton SL
PL. A significant 2De-h ODR line-shape modification also
occurs as either P, increases or the monitor energy E,,
varies (Fig. 4). In addition, the intensity ratio of the two
ODR modes [Fig. 4(a)] is different from that seen in the
corresponding mw absorption DMPR traces. Such ODR line-
shape transformations are due to a nonlinear dependence of
the PL intensity on P, as one can conclude from the MPL
curves of Fig. 1(b). Consequently, the 2DEG parameters
(mobility, effective mass) that can be extracted from the non-
linear ODRs give only order-of-magnitude estimates.

In the upper SL spatially separated from the 2DEG layer,
the excitonic PL detects the 2DEG DMPR mw absorption
occurring in the MDQW. This finding and the hole-energy
redistribution observed in the 2De-h MPL spectrum [Fig.
1(b)] reveal the long-range effect of mw heated 2DEG. Thus,
energy transfer from the hot 2DEG to the holes (excited in
the MDQW) as well as to the excitons (excited in SL) occurs
by a long-range indirect mechanism mediated by nonequilib-
rium acoustic phonons emitted by the hot 2DEG. Therefore,
the mw absorption by the 2DEG in the MDQW affects the
PL bands of the entire heterostructure. At the same time, the
inefficient modulation of the PL from the bottom SL when
excited outside the mesa, indicates that there is a directional
effect of the ballistically propagated nonequilibrium
phonons.
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V. DISCUSSION

The primary effect taking place in a mw irradiated high
mobility 2DEG is absorption of mw quanta (of ~0.17 meV
for 36 GHz radiation) by an electron in phonon-assisted in-
direct transitions (at B=0) or in inter-Landau level transi-
tions. Thereafter, the gained energy is quickly redistributed
by electron-electron scattering within the entire 2DEG and
the 2DEG temperature T, rises. The energy transfer from the
hot 2DEG to the lattice can lead to its temperature increase
AT;. Such a bolometric effect is characterized by a long
relaxation time (7,>107* s), and the AT, value strongly
depends on the thermal sample-bath coupling.'* We observe
a very fast PL response (with a characteristic time of <5
X 1078 s) to the short mw pulses and therefore, bolometric
effects are excluded.

In this section we discuss two effects of mw heating,
namely, rising 7, and an increased population of acoustic
phonons emitted by the hot 2DEG.'%2-22 [t should be noted
that these two effects cannot be separated in the usually stud-
ied mw-induced effects on the 2DEG resistivity, such as the
electrically detected resonances>>® and mw-induced resis-
tance oscillations.'® This is because the 2DEG mobility de-
pends on 7, as well as on population of acoustic phonons
participating in the 2De-phonon scattering.!" Our mw-
induced PL experiments allow us to separate these two ef-
fects, in particular to prove the predominant role of nonequi-
librium phonons in the PL changes, and therefore, in the
mechanism of the ODRs that are observed in heterostructures
containing a 2DEG.

A. Effect of the nonequilibrium phonons on the 2De-h MPL
line shape

The 2De-h PL spectrum is well described by the simple
model of radiative recombination of 2DEG with free holes
(inset of Fig. 1) (Ref. 25)

I(E) = A(T/v Te)DF(ge + g;z)fe(se)fh(si’z)
« D(e, + &;)exp(— &,/kT,){1 +expl(e, — Ep)/kT,J} .
(1)

Here, it is assumed that photoholes recombine in direct
interband transitions between parabolic, isotropic conduc-
tion, and heavy-hole (hh1) valence subbands, and the matrix
elements for such transitions are independent of the emitted
photon energy E. The two-dimensional (2D) joint density of
states is Dr(g,+g,) *a tanh[(g,+¢,)/I'], where sé:m-’ie

X(E-E,) and &,=7-(E-E,) are the hole and electron ener-

m,

gies, respectively. Eé', is the renormalized band-gap energy
and I' is a phenomenological broadening parameter. u
=m,m;,/ (m,+m,,) is the reduced electron-hole mass. f, and f),
are the Fermi and Boltzmann energy DFs for the 2DEG and
low-density holes, respectively. They are characterized by
effective electron (hole) temperatures 7, (7;,). We observe
that the integrated PL intensity [I(E,T,,T,)dE is indepen-
dent of T,, T, and the normalizing constant A(7T,,T),) en-
sures it. This means that holes recombine only radiatively
and the photoexcited hole density does not vary under mw
irradiation.
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The Fermi distribution for the 2DEG with the effective
temperature 7, is established owing to the fast energy ex-
change in electron-electron scattering between the dense
2DEG and hot electrons that are photoexcited at high energy
or mw heated. The electron temperature is determined by the
balance between the energy gain rate due to 2DEG mw ab-
sorption and the energy-loss rate by acoustic phonon emis-
sion (for T,<10 K). The latter can be characterized by the
energy relaxation time 7 which is of 1071°~10~% s for the
2De electrons.'!>* As shown in numerous measurements and
estimates, 7, exceeds 7; at gained power as low as
:10—14 W/6.27’28

A Boltzmann DF for holes is not established since the
energy exchange rates due to the hole-hole and 2DEG-hole
scatterings are low at low photoexcited hole density. The
hole-energy distribution is governed by the competition of
two processes: hole recombination with the 2DEG (mainly
radiative) at a rate of 1/ 73 and hole-energy loss to the lattice
due to inelastic scattering by acoustic phonons (for T}
<10 K). The corresponding hole-energy relaxation time is'!

232525

()= ﬂ_ﬁ—%\f'sh (2)

and 7'~2 ns at T,=2 K.?° Here, the deformation potential
of the valence GaAs band, Z=7 eV is used.

The 2De-h radiative recombination time in MDQWs is
7r~0.3 ns.'>13 Thus, 7, < 7/ and photoholes recombine be-
fore they thermalize so that the hole population of the high-
energy (hhl) states exceeds that corresponding to an equilib-
rium Boltzmann DF with T,=T,;. Hence, f;, should be
calculated by solving the kinetic equation.'!-30

Remarkably, the 2De-h PL spectra shown in Fig. 1(a) are
well described by the “quasiequilibrium” Boltzmann DF
with T,> T, even in the absence of mw irradiation (curve 1
and see also Ref. 16). Solid lines in Fig. 1(a) display the
spectra simulated according Eq. (1), and the best fitted T,
and T, values are given in the figure caption.

Thus in the steady state, a finite lifetime of the holes
recombining with the 2DEG (g,<Ey :%;) can be taken into
account by introducing the increased 7, >T;. The similar
conclusion follows from numerical calculations of the kinetic
equation for excitons interacting with an equilibrium phonon
distribution (Fig. 3 in Ref. 30).

The simulated PL spectra of Fig. 1(a) show that both T,
and T, increase with P,. Moreover, T} exceeds T, and the
ratio T,/ T, increases with P, [see fitted 7}, (T,) value in
Fig. 1(a) and also Ref. 16]. The increasing 7}, under mw
irradiation is attributed to the hole-energy redistribution
caused by nonequilibrium acoustic phonons emitted by the
mw heated 2DEG.'°

The 2DEG at 7,<10 K emits acoustic phonons with en-
ergy ey =hvkr=0.5 meV (v, is the sound velocity of
~3X10° cm/s).”?® At low T,, these low-energy phonons
ballistically propagate over the entire sample undergoing
elastic scattering by defects and heterostructure interfaces.
The lifetime of the low-energy phonons 7, is limited by
phonon transmission (Ref. 33) through the sample bound-
aries and heterostructure interfaces (~50%). In heat-pulse
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experiments at 7;=2 K long-lived nonequilibrium phonons
were observed in time scale of 107® s for the GaAs sample
of 0.3 mm thickness.?!31-34

Thus, an increased population of nonequilibrium long-
lived acoustic phonons arises in the entire sample. Holes
absorb these long-lived phonons, and a hole-energy redistri-
bution occurs with hole population of low-energy (high-
energy) states decreasing (increasing).

The direct energy exchange between 2D electrons and
holes is not effective because of the large hole/electron mass
ratio. Otherwise, the 2DEG-hole inelastic scattering must
have equalized the electron and hole temperatures and cause
the holes to have a Boltzmann DF. In addition, the energy-
transfer rate due to the electron-hole scattering has to
strongly depend on the 2DEG-hole separation. Our study of
the MDQWs of various thicknesses (as well as symmetri-
cally and asymmetrically doping) does not reveal such a de-
pendence.

The cw MPL spectra presented in Fig. 1(b) can be quali-
tatively explained by such an indirect 2DEG-hole interaction
in which the energy transfer from the hot 2DEG to holes is
mediated by acoustic phonons.

Below, we show that the studied transient PL kinetics
(Figs. 2 and 3) give strong evidence for this mechanism of
the mw-induced PL changes.

B. Transient MPL

Figure 2 demonstrates that the 2De-h PL spectra observed
after a mw pulse terminates, are different from those ob-
served under steady state conditions. The transient PL inten-
sity traces in Figs. 3(a) and 3(b) show remarkable mw-
induced kinetics with overshoots and long decay in the
trailing edge. Since the 2De-h PL modulation is mostly sen-
sitive to the hole-energy distribution, we associate the ob-
served long-lived mw effect with a decreased hole relaxation
rate caused by the long-lived nonequilibrium acoustic
phonons. It is worth to notice that a reduced energy relax-
ation rate due to an increased population of optical
phonons—hot-phonon effect—is a well-known phenomenon
observed under intense short-pulsed photoexcitation of
semiconductors.!>!3

Similarly, we attribute the long relaxation time of the tran-
sient MPL to the decay time of nonequilibrium acoustic
phonons in mw irradiated heterostructures 7,,~ 10 ns. This
7o Value is shorter than that of bulk GaAs. This is probably
due to additional phonon decay channels in the AlGaAs alloy
or on the heterostructure interfaces.’!

We analyze the PL intensity transients shown in Fig. 3
using the effective 7,, T} approximation and assuming that
these temperatures have relaxation times of 7 and 7, respec-
tively. Then, the T,(¢) and T}(r) dependencies under a square-
shape mw pulse [dotted curve in Fig. 5(a)] are described by
curves shown in Fig. 5(a), dashed and solid lines, respec-
tively. Here, we use 7°=1 ns,'"?> and we put 7/'=5 ns be-
cause the rising 7, produces an increased population of non-
equilibrium long-lived acoustic phonons that determine the
T,(t) relaxation.

In order to simulate the transient MPL signals for a given
photon energy E,,, we introduce these T,(¢) and T),(¢) depen-
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dencies into Eq. (1) and calculate the A(T,,T,)(r) depen-
dence assuming that the (spectrally) integrated PL intensity
is unaffected by the mw pulse application as discussed
above. Curves 1-4 in Fig. 5(b) show the calculated transient
signals at various E,,, and these reproduce most of the tran-
sient PL intensity features shown in Fig. 3(b).

The simulated signals in Fig. 5(b) and the MPL transients
in Fig. 3(b) similarly modify with E,,. Indeed, the trailing
edge signals in Fig. 5(b) also demonstrate the variable decay
kinetics with the overshoots.

Up to now we used the quasiequilibrium steady-state hole
(electron) distribution functions with 7}(z) and T,(r). In this
approach, however, the strong amplitude asymmetry in the
leading and trailing PL intensity edges [seen in Figs. 3(a) and
3(b)] cannot be reproduced. Below, we propose a model that
reveals a specific feature of the transient behavior of the
nonequilibrium holes that undergo energy relaxation and re-
combination with the 2DEG. The observed MPL transients
asymmetry will be explained by this model.

We consider a simplified model in which the photoexcited
hole system is divided into two subsystems having p; and p,
hole densities. The p, subsystem consists of the high-energy
holes (g,>E F:,nT;) that are photogenerated with a rate G and
scattered into the p, subsystem by acoustic phonons with a
net rate 1/7". We assume that the holes of the p, subsystem
do not recombine with the degenerate 2DEG. The p, sub-
system consists of the low-energy holes (g, <Ep %) that are
generated by the p;-hole scattering and recombine with the
2DEG. Thus, we have the following system of kinetic equa-
tions for two hole subsystems:

dpy _P1_D2

a7 7 )

Under a mw pulse, the p, holes absorbing the nonequilib-
rium acoustic phonons are transferred into the p, subsystem,
and the net phonon-scattering rate for the p,—p; transitions
(1/7" )reduces. Thus, we simulate the effect of the mw pulse
by a 7(t)-square shaped function with 7' > 7" Then, the
solution of the kinetic equations [Eq. (3)] has the following
forms on the leading (L) and trailing (7) edges:

pL=1+77_

1
(e—t/'rR _ e—pt/r;TR) ,

-1

pT= 1+ 17 (e—pz/rR_ e—t/rR)_ (4)

Here, the following dimensionless values are introduced:
P =py(t)/ Gy p=mg/ 7" and p=7" /7> 1.

The dashed curve in Fig. 5(c) displays the p,(¢) depen-
dence [Eq. (4)] for 7 /7"=2. This transient curve for the
recombining hole density p, has very sharp spikes on the
pulse edges. The solid curve in Fig. 5(c) is obtained when the
time dependent 7%(r) value shown by the dotted (bottom)
curve in Fig. 5(c) is used in the numerical solution of Eq. (3).
Such a 7'(¢) dependence takes into account that the hole-
phonon scattering rate is proportional to the time dependent
nonequilibrium phonon population that is assumed to vary
similar to the T),(r) dependence [solid curve in Fig. 5(a)].

The amplitude of the p, spikes increases with increased
Tf’nw/ 7 ratio, as one can see from Eq. (4). At the same time,
the steady-state hole density pg (on the plateau or after the
mw pulse) is independent of the 7" values. This means that
the integrated PL intensity (which is proportional to p) ex-
hibits a transient variation under mw pulse, while it does not
change in the steady state. Hence, the assumption of the un-
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changed integrated PL intensity that was used above in the
analysis of the quasiequilibrium hole system [Figs. 1(a) and
5(b)] does not hold.

Therefore for a nonequilibrium system of holes, a change
of the hole-energy relaxation rate results in the transient de-
pendence of the hole density p,(f) recombining with the
2DEG. Namely, a dip and an overshoot spike appear in the
leading and trailing edges, respectively. These features are
due to a transient redistribution of holes between
“nonradiative-p;” and “radiative-p,” subsystems. Since the
switching on/off of the mw power is associated with a
change in 7", the transient hole redistribution should be taken
into account.

This was done by multiplying the calculated traces of Fig.
5(b) by p,(t)/ G7g. The resulting transients for four PL ener-
gies are shown in Fig. 5(d), and these reproduce all the main
features of the observed transient PL signals [Figs. 3(a) and
3(b)]. In particular, a remarkable transient PL intensity over-
shoot asymmetry that increases with increasing P, [Fig.
3(a)] is obtained in this model. Moreover, as demonstrated in
inset of Fig. 2, the transient integrated PL intensity shows a
small spike in the trailing edge. Qualitatively, this spike can
be understood as due to accumulation of holes in high-
energy (nonrecombining) states during the mw pulse and
their following relaxation into radiative states. The corre-
sponding dip in the leading edge is not seen in the curve, and
this may be due to its small amplitude. It should also be
noted that our qualitative model [Eq. (3)] does not take into
account all kinetic processes in the nonequilibrium hole sys-
tem.

C. ODR mechanism

The transient PL study gives conclusive evidence for the
nonequilibrium acoustic phonon mechanism underlying the
mw-induced PL modulation. These phonons propagate bal-
listically, and the phonon flux produces a long-range effect
on the energy distribution of holes as well as on the PL bands
originating elsewhere in the heterostructure.

Under a perpendicularly applied magnetic field, the
acoustic phonon flux resonantly increases at the 2DEG CR
(or DMPR), and this gives rise to the 2DEG ODR that ap-
pears in any PL bands originating in all parts of heterostruc-
ture (MDQW, buffer layer,7 undoped SL, and QWs made of
various semiconductor materials®). For the studied sample,
the long-range effect of the nonequilibrium ballistic phonons
leads to a resonant reduction of the exciton PL in the un-
doped SL [square symbols in Figs. 4(a) and 4(b)]. As these
phonons reach the undoped SL, they interact with localized
excitons and activate them into delocalized states. Then, the
free-moving excitons are captured on traps where they re-
combine nonradiatively and the PL intensity reduced. Such
exciton PL intensity reduction was observed in various struc-
tures when a nonequilibrium phonon flux was generated by
the heat pulses produced with intense light or dc current.?!-??

The ODR line shape is nonlinearly modified with in-
creased P, (Fig. 4). This nonlinearity is determined by the
underlying physical mechanism of the ODR and is likely to
be caused by a strong dependence of the hole-phonon inter-
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action on the hole energy and on the spectrum of emitted
acoustic phonons which varies with increasing electron heat-
ing.

The PL modulation studied here provides evidence that an
enhanced population of nonequilibrium acoustic phonons is
generated and it is stored in the entire sample at very low
mw power. Indeed, the mw-induced PL modulation is clearly
detected at P, ~0.02 mW. The mw absorption trace shown
in Fig. 4(b) allows one to estimate Pu,~0.5P%
=0.01 mW (at B=By) that is absorbed by the 2DEG con-
fined in the 0.5 mm diameter mesa. Then, the gained power
value per electron is ~107!* W/e. At such a low gained mw
power, the increased phonon population is well detected by
modulation of the 2De-h PL.

VI. CONCLUSIONS

Transient and cw effects of microwave irradiation on low-
temperature photoluminescence of heterostructures contain-
ing a 2DEG were studied. The observed 2DEG-hole PL spec-
tral change is explained by an energy redistribution of
photoexcited holes that absorb nonequilibrium acoustic
phonons emitted by the mw heated 2DEG. The mw-induced
PL intensity relaxes in ~10 ns after the mw pulse termina-
tion. Such a long PL relaxation is attributed to a hole-energy
redistribution decay which is controlled by long-lived non-
equilibrium acoustic phonons.

The transient 2De-h PL dynamics is analyzed using a pro-
posed model that considers the short mw pulse as a source of
nonequilibrium phonons that change the hole-energy relax-
ation rate. This model explains the remarkable PL intensity
overshoots at leading and trailing edges of the mw pulse.

Optically detected 2DEG cyclotron resonances are ob-
served within the 2DEG PL band as well as in the exciton PL
band originating in the undoped superlattice layers adjoining
the MDQW, and this provides further evidence for the long-
range interaction mediated by ballistically propagating non-
equilibrium acoustic phonons.

Finally, we note that the nonequilibrium acoustic phonons
should also affect the 2DEG resistance. Magnetoresistance
oscillations caused by increase in mw radiation power, dc
current or T, were recently observed.!®3%37 All these resis-
tance oscillations occur when phonon population increases
due to either enhanced 7, or high mw power (dc current).
Probably, phonons generated under these conditions play an
important role in the physical mechanism of the magnetore-
sistance oscillations.
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