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Different electron energy relaxation dynamics are observed in narrow and wide modulation Be-doped
GaAs-Al:Ga;-xAs multiple quantum wells grown on Si substrates (GaAsQW’s/Si) arising from

different valence subband structure.

The combination of built-in biaxial stress and spatial hole

confinement results in a reversal of light- and heavy-hole subbands in narrow GaAsQW’s/Si structures.
For narrow (wide) quantum-well structures of 40 (188) A at 4.3 K in which there is a two-
dimensional light- (heavy-) hole gas, the energy-loss process of photoexcited hot electrons is extremely
rapid (slow) due to strong (weak) energy exchange with the cool light (heavy) holes. The nonequili-
brium phonon population was found to build up from the relaxation of hot electrons in the 188-A wells

but not in the 40-A wells.

Recently, the dynamics of photoexcited hot carriers
has been extensively studied' ™ in GaAs quantum wells
(QW’s) grown on a lattice-matched GaAs substrate be-
cause of their technological importance in the develop-
ment of optoelectronic devices. The carrier dynamics has
not been extensively investigated so far in GaAs QW’s
grown on a lattice-mismatched Si substrate. There are
two reasons why it is important to study the electron dy-
namics in GaAsQW’s/Si. First, GaAsQW’s/Si is a proto-
type structure of possible monolithic integration of (I/1-
V)-semiconductor-based transistors, lasers, and optoelect-
ronic devices on a single chip. Second, the existence of bi-
axial stress at given lattice temperature arising from the
difference between thermal expansion coefficients of GaAs
epilayers and Si substrate causes the valence subband
configuration to be substantially changed by varying the
width of the QW’s. In a narrow GaAsQW/Si, the light-
hole (Ih) subband can be above the heavy-hole (hh) sub-
band while in a wide GaAs QW/Si the reverse is true. Ina
GaAs QW/GaAs, however, whether doped or not, the
population of the hh’s is always larger than that of the
Ih’s.  The unique valence subband tunability in
GaAsQW?’s/Si by the stress and spatial hole confinement
can change the relative population of l1h’s and hh’s with
which the photoexcited hot electrons can interact. When
the 1h’s (hh’s) reside in the wells, photoexcited hot elec-
trons strongly (weakly) exchange energy with Ih’s (hh’s)
along with longitudinal optical (LO) phonon emission
process. If the energy exchange rate for the electron-hole
interaction is much greater (smaller) than that for
electron-LO-phonon interaction, a nonequilibrium LO-
phonon population could not (could) be built up resulting
in a rapid (slow) electron energy relaxation. Therefore, it
is expected that from the effects of valence subband struc-
ture one can gain a deeper understanding of the electron
dynamics in GaAs QW’s and control the transport of car-
riers.

In this paper, the experimental results of time-resolved
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photoluminescence spectroscopic measurements are re-
ported on the electron energy relaxation dynamics in two
QW structures with different valence subband configu-
rations: a 188-A multiple QW structure with doped-in
hh’s and a 40-A multiple QW structure with doped-in 1h’s.
It was found that for the 40 (188) A wells in which a
two-dimensional (2D) 1h (hh) gas resides, the energy-loss
process of photoexcited electrons is rapid (slow) due to
strong (weak) energy exchange between the hot electrons
and the cool 1h’s (hh’s).

The QW structures were grown by molecular-beam
epitaxy on a (100) silicon substrate 4° tilt toward [011]
with a 2-um GaAs buffer layer. The same barriers
(Al,Ga —,As) are used for the two QW structures. Both
QW structures are repeated for 20 periods. The composi-
tion x is 0.35. The barrier thickness is 250 A in which a
central region of 50 A is doped with Be atoms. The
doping in the barriers provides a lh density of 1.9%10'?
cm ~2in the 40-A wells with a Fermi energy (Es;) of 40.3
meV and a similar density of 2.5%10'2 cm ~2 for hh’s in
the 188-A wells with Er; =12 meV. It should be noted
that the numbers for the composition, layer thickness, and
doping densities are the nominal values.

In order to make clear how the different hole subband
configuration for the two QW structures occurs, the
valence-band structure of the 2-um GaAs/Si QW is first
inspected. Due to the biaxial stress caused by the dif-
ference between the thermal expansion coefficients of the
GaAs epilayer and the Si substrate, the /=3 valence
band of the 2-um GaAs is decoupled into m; = % 7 and
m;== 7 bands.®’ The k-dependent parts of the
valence-band energies are given to the lowest order in k:

2
E+ |/2=-;:n—0[(7| =) ki+kD+ (ri+27)k21,  (1a)
2
E+3p= 2’;1() [+ 7)) kZ+ED+ (1 =272k,  (1b)
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where y;, 7, (6.85, 2.1) are Luttinger parameters for
GaAs. Schematic representation of Eq. (1) is shown in
Fig. 1(a). The hole mass of the = + band is heavier in
the x-y plane than in the z direction (growth direction
[100]) while the reverse is true for the + 3 band. The
biaxial-stress-induced energy separation AEy between the
=+ + and * ¥ bands is about 14 meV at 4 K. Because of
the QW potential the m; = * 7 and m; = * 7 states are
quantized along the [100] QW growth direction. The
quantization energies strongly depend on the well width
and hole masses in both well and barrier. Based on Fig.
1(a), two extreme cases can be identified for the valence
subband configuration of QW structures: (i) when the
well is very thick so that the energy difference AE qw be-
tween the quantization energies of + + and =+ 3 states
are very small; and (ii) when the well is about 40 A thick
so that the AEqw reaches a maximum.® For the GaAs
QW’s on 2-um GaAs on Si substrate, the energy separa-
tion between *+ 5 and * 3 subbands is given by

AE =AEy—AEqw. ()

In the case of the 40-A QW’s as shown in Fig. 1(b), AE is
negative when AE qw exceeds AEy resulting in a reverse
of the lh and the hh subbands in QW plane. While for the
188-A wells [Fig. 1(c)], AE is positive when AE qw is less
than AEy reflecting a normal order of hole subbands, i.e.,
the 1h subband is below the hh subband. It should be em-
phasized that Fig. 1 is meant to be schematic. Neither
any admixture of + + and *+ 3 states nor anticrossing
effects are considered. The Fermi levels indicated in Figs.
1(b) and 1(c) are first estimated based on the doping den-
sities and then verified by spectrum fitting.

The QW structures at 4.3 K were photoexcited by a
train of 80-fs 620-nm laser pulses from a colliding-pulse
mode-locked laser operated at 82 MHz with an average
power of 5 mW. The photoluminescence (PL) at an exci-
tation density of ~10'® cm ~3 was dispersed by a 0.22:m
monochromator and detected by a 2D Hamamatsu S-1.

synchroscan streak camera with a system time resolution -

of 7 ps and a spectral resolution of 1 nm.
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FIG. 1. Schematic energy-band diagrams for the 2-um
GaAs, 40-A GaAs multiple quantum well (MQW), and 188-A
GaAs MQW grown on Si substrate. Note that the anticrossing
effect is not considered here.
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The time- and wavelength-resolved PL spectra for the
40- and the 188-A wells are displayed in Figs. 2(a) and
2(b), respectively. The slow turn-on of the luminescence
peak intensity for the 40-A wells may be due to the migra-
tion of photoexcited electrons to larger islands; while for
188-A wells it is due to the slow electron energy relaxation
which will be discussed later. The 40-A well spectra
clearly show two distinct peaks arising from n=1 electron
to lh (low-energy side) and hh (high-energy side) transi-
tions with an energy separation of 41 meV. The 188-A
well spectra also show the n=1 electron to hh transition
with a small shoulder on the high-energy side of the PL
originating from the n=1 electron to lh transition. The
measured spectra for both 40- and 188-A QW structures
are consistent with the hole subband configurations indi-
cated in Figs. 1(b) and 1(c). In the case of the 40-A
wells, the measured value of —41 meV for AE implies a
value of 55 meV for AEqw. This value is larger than what
would be predicted based on the nominal structure param-
eters and the masses inferred from Eq. (1). Since the
value of AEqw in a sensitive well width range® depends
critically on many parameters such as band offset and ra-
tio of hh to 1h mass, a precise prediction is difficult. How-
ever, it is certain that the *= 3+ and % 3 bands in x-y
plane for 40-A QW’s/Si are reversed in comparison with
GaAs/Si. Lighter hole mass for the + 3 subband in Xx-y
plane is also consistent with larger Fermi energy in this
structure. The electron to hh and lh transitions in the
188-A QW’s/Si are not resolved. This is also consistent
with Eq. (1), which predicts a small positive value for AE
because AE qw is small for the thick QW’s.

In order to obtain quantitative information about the
effects of valence-band structures on the electron energy
relaxation processes, the electron temperatures at differ-
ent times (cooling curve) are determined from a careful
analysis of time-resolved PL spectra. Our theoretical
model for calculating PL spectra [Ip (E, T,, T, Tin)]
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FIG. 2. Time-resolved PL spectra at 4.3 K for (a) 40-A
MQW’s/Si, and (b) 188-A MQW’s/Si.
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consists of the following assumptions: excitonic many-
body effects can be neglected because of large doped-in
hole density in both structures;®'® spontaneous transition
rate!! W(E, T,, Tn, Th) is calculated by Fermi’s “golden
rule”; carriers (electron, hh, 1h) obey Fermi-Dirac distri-
butions with different temperatures (T,, Thh, Tin); and a
probability density function G(E) is used which is
transferred from a Gaussian function for the well width
fluctuation'? and the other energy-level broadenings are
described by a Lorentzian factor L(E). The theoretical
PL spectra with different values of T,, Thn, and T, are
obtained by convoluting W(E, T., Thh, Tim) with G(E)
and L(E):
IpL(E, Te, Thn, Tin) =W(E, T., Thn, Ti)*G(E)*L(E) .
3)
Comparing the calculated Ip  (E, T, Thn, Tin) and mea-
sured Ip (E, 1), the electron, hh, and lh temperatures at
different times are experimentally determined.

Two typical comparisons between the measured and
calculated spectra for the 188-A wells and the 40-A wells
are shown in Figs. 3(a) and 3(b), respectively. The calcu-
lated PL can fit the measured spectrum of the 188-A wells
at 37 ps using values of 67, 67, and 4.3 K for the electron,
lh, and hh temperatures, respectively. The spectral region
below the onset of the n=1 electron to lh transition is very
sensitive to the choice of electron temperatures, while lh
temperature is dictated by the high-energy tail of n=1
electron to lh recombination. It should be pointed out that
the first and second lh subbands must be used in order to
obtain the excellent fit. To fit the measured spectrum of
the 40-A wells at 29 ps, Te=153 K, Thh=Tw=T,=7.3
K are required for the electron and hole temperatures, re-
spectively. Since the photogenerated hot hh’s can quickly
lose their excess energy to the cool doped-in lh’s in the
40-A wells, both types of holes have reached into the equi-
librium state within our time resolution in contrast to the
holes in the 188-A wells. The intensity of the n=1 elec-
tron to hh emission peak in the 40-A wells is extremely
sensitive to the hole temperature 7, because the quasi-
Fermi level for the hole system is 0.6 meV below the hh
subband edge where the density of states for the hh’s is
large. From the overall comparison of the calculated and
measured spectra, three conclusions are reached: the elec-
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FIG. 3. Comparison between the measured spectrum at given
time (solid curves) and theoretically calculated spectrum with
given electron, hh, and lh temperatures (dot-dashed curves).
(a) For 188-A QW’s at 37 ps; T.=67 K, Tin=67 K, and
Twh=4.3 K. (b) For 40-A QW’s at 29 ps; T.=15.3 K and
Th=7.3K.
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tron temperature in the 188-A wells is much hotter than
in the 40-A wells; the hh’s and 1h’s in the 40-A wells can
be described by a common hole temperature 7, which is
slightly elevated above 4.3 K; and the temperature for the
electrons and the 1h’s is different and higher than the hh
temperature which remains 4.3 K in the 188-A wells.

The electron temperature cooling data obtained from
the line fitting are plotted in Fig. 4 as circles for the 188-A
wells and squares for the 40-A wells. The data-point size
along the time axis reflects the finite time resolution. The
estimated error on the electron temperature for the 188-A
wells is indicated by vertical bar (when it is larger than
data-point size). The main source for the error arises
from the lack of precise values for the hh and lh masses
which determine the partition of excess energies for elec-
trons and holes as well as the radiative transition rates.
The size of error for the 188-A wells at the earlier time is
relatively large because the high-energy side of spectra
covers many hole subbands, while for the 40-A wells the
error is small since only two hole subbands are involved in
line fitting.

Inspection of Fig. 4 reveals that the maximum obtain-
able electron temperature (~30 K) in the 40-A wells is
below 40 K with the present time resolution. This low ini-
tial electron temperature indicates that the hot-electron
energy relaxation process by emission of LO phonons is
over within our time resolution. We attribute this rapid
initial electron energy relaxation process to the strong en-
ergy exchange between the hot electrons and the doped-in
cool Ih’s. Since most of the excess energy of photogen-
erated electrons is shared with the cool Ih’s nonequilibri-
um phonon population may not have any chance to be
built up. The cooling from 30 to 4.3 K within ~100 ps
strongly supports the electron-to-lh energy-loss mecha-
nism. For the electron temperature below 30 K, the elec-
tron energy loss by the emission of LO phonon is negligi-

Electron Temperature (K)

Time (ps)

FIG. 4. Electron cooling curves for the 188-A QW’s (circles)
and 40-A QW’s (squares). The solid and dashed curves are the
theoretical calculations with and without the nonequilibrium-
phonon effects, respectively. The time scale of this figure is
chosen not to correlate with that of Fig. 2 because there is no
further cooling about 100 ps after the photoexcitation in the
time scale we work with. The zero time was determined by the
scattered excitation light from the sample surface.
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ble. It should also take several tens of nanoseconds to cool
the electron temperature from 30 to 4.3 K if acoustic pho-
nons are responsible for the electron energy loss. As a
striking contrast, the maximum obtainable electron tem-
perature in the 188-A wells in which the hh’s are doped-in
instead of the lh’s is about 95 K, an electron temperature
at which the LO-phonon emission process is a dominant
energy-loss mechanism for the hot electrons. The electron
temperature cooling is slower than expected on the basis
of equilibrium LO phonon and electron interaction. The
slow hot-electron energy relaxation in the 188-A wells is
due to the weak energy exchange between the hot elec-
trons and the cool hh’s so that the hot electrons can lose
their excess energy mainly by the LO-phonon emission
channel. Although the initial cooling (0-1 ps) of hot elec-
trons is rapid by emitting LO phonons, those emitted LO
phonons will soon accumulate due to their finite lifetime
and become the hot LO-phonon reservoir with which the
hot electrons are attempting to reach equilibrium. This
feedback results in slower hot-electron cooling on a time
scale of 100 ps in the 188-A QW’s.

In order to further confirm that: (i) the nonequilibrium
phonon population is built up in the 188-A QW’s, and (ii)
the electron-lh interaction is a dominant electron energy-
loss mechanism in the 40-A QW’s, a simple theoretical
analysis'? is given to compare with the experimental hot-
electron cooling curves in Fig. 4. The electron and non-
equilibrium LO-phonon temperatures are calculated by
two coupled differential equations:

8T./dt = — PoF(T,,T,), @)
3T, _N(T,) 9T,
o FoFTeT)) 1, ON(T,) " ®

The function F(T,,T,) is given by '*
Xp " Xe __
F(T.,T,)= —"—7—1—‘():,,/”) 2g%2 K (x02), (6)
e f J—
where x, . =FE0/ksT,. and Ky is the modified Bessel
function of zero order. The material parameter:
Po=3.54x10"[E o(meV)]1¥2(m} /mo) "*[(1/€x) —1/e0)
(eV/s) is calculated to be 3.16 K/ps for GaAs. N(T,) is
the Bose-Einstein factor appropriate to LO phonons of en-
ergy ELo. The LO-phonon lifetime is denoted by 7.
The numerical solution of the coupled differential equa-
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tions [Egs. (4) and (5)] yields the temporal dependence of
the electron temperature shown as the solid and dashed
curves in Fig. 4 for the electron-nonequilibrium-phonon
and the electron-equilibrium-phonon interactions, re-
spectively. The initial electron temperature of 200 K is
used for both theoretical curves while the phonon lifetime
7, is 8 ps for the solid curve and O ps for the dashed curve.
It should be pointed out that the above analysis does not
take the effects of well thickness (confinement) and holes
into account. Good fit between the theoretically calculat-
ed solid curve with the experimental data for 188-A QW’s
demonstrates that the nonequilibrium-phonon population
is indeed responsible for the slow hot-electron relaxation
in 188-A QW’s. The calculated dashed curve clearly indi-
cates the following: (i) the high initial electron tempera-
ture will rapidly decrease below 40 K in a few picoseconds
when the nonequilibrium LO-phonon population is absent;
(i) after a few picoseconds the photoexcited hot electrons
will remain hot at above 30 K for several 100 ps when the
electron-lh interaction is switched off. Our interpretation
of the experimental data for 40-A QW’s is consistent with
the above analysis.

In conclusion, we have presented an experimental inves-
tigation of the effect of valence subband structure on the
hot-electron energy relaxation process in GaAs QW’s
grown on Si substrate. It was demonstrated that for the
40 (188) A QW structure in which 2D 4.3-K 1h (hh) gas
exists, the energy-loss process of photoexcited electrons is
rapid (slow) due to strong (weak) energy exchange be-
tween the hot electrons and cool Ih’s (hh’s). The non-
equilibrium-phonon population was built up in the process
of hot-electron relaxation for the 188-A wells but not for
the 40-A wells. Under some photoexcitation conditions, it
seems that we can control the hot-electron energy relaxa-
tion process in GaAsQW’s/Si by interchanging the hh
and lh subbands. This provides a critical experimental
test of the existing theories on hot carrier energy relaxa-
tion processes. Further work is needed to time resolve the
initial electron energy relaxation in a femtosecond time
scale and to carry out the theoretical calculation of hot-
electron cooling due to the electron-lh interaction with
Fermi statistics at low temperatures.
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