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ABSTRACT 

Relaxation of hot carriers excited by subpicosecond laser pulses has been studied by Raman 
scattering in GaAs/AlAs multiple quantum wells with well widths varying between 100 and 
1000 A. The hot phonon population observed by Raman scattering is found to decrease with 
the well width despite the fact that the hot electron temperature remains constant. The results 
are explained in terms of confinement of both electrons and optical phonons in quantum wells. 

1. INTRODUCTION 

Hot carrier relaxation in both bulk semiconductors and semiconductor microstructures 
has been of great interest lately. Various optical techniques have been used tr> study these 
fast relaxation mechanisms especially with the aid of picosecond (ps) and femtosecond (fs) 
lasers.1'8 Among these optical techniques, Raman scattering is unique for studying hot carrier 
relaxation because it can provide information on both electrons and phonons at the same time. 
For example, using subpicosecond Raman scattering, Kim and Yu1 have recently shown that 
intervalley scattering is the dominant cooling mechanism of hot electrons in bulk III-V direct 
band gap semiconductors in subpicosecond regime. In this time scale, longitudinal optical (LO) 
phonons play only a minor role in hot electron cooling. 

It has been shown experimentally and by theoretical calculations that both electrons and 
optical phonons are confined in GaAs/AlAs quantum wells. 9 ' 1 1 This confinement in general 
leads to modifications of the electron-phonon coupling and thus changes in the cooling 
mechanisms. 2 , 1 2 In the experiment reported in this paper, electron and LO phonon 
temperatures are measured as functions of both electron density and quantum well width by 
subpicosecond time-resolved Raman scattering. We found that LO phonon temperatures were 
greatly reduced as the well thickness decreased whereas the electron temperature was almost 
the same as the bulk value. The latter result is consistent w:th conclusions of our previous 
work 1' 1 3 that in bulk GaAs and related semiconductors the cooling of hot electrons in 
subpicosecond time scale is mainly determined by the intervalley scattering of high energy 
electrons and not by intravalley electron-phonon scattering. We have considered various 
explanations for the decrease of hot phonon generation rate with well thickness. One 
important factor is that the wavevector of the LO phonon probed by Raman scattering varies 
with well thickness L as l/L. Another important factor is that most of the hot phonons 
generated in the intra-T-valley electron-LO phonon (Frohlich) scattering cannot be probed by 
our experiment due to energy and momentum conservation in ;he quantum well plane during 
the Raman process. Based on these considerations, we conclude that intra-T-valley scattering 
cannot account for the small, but non-zero, hot LO phonon population we observe in quantum 
wells with L-120 and 230 A. A possible source of the hot LO phonons in these quantum wells 
may be the relaxation of hot electrons within the L valleys. 
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2. EXPERIMENT AND RESULTS 

Our experiment was perfomed on GaAs/AlAs multiple quantum well samples grown on 
[001] oriented GaAs substrate by molecular beam epitaxy (MBE). The (GaAs thickness/AlAs 
thickness) of these quantum wells are nominally (120/120),(230/230),(500/500) and (1000/1000) 
A. The total thickness of the GaAs layers in all samples is around 3000 A to absorb most of 
the incident photons. Hot electrons were excited by subpicosecond pulses from a CPM laser 
operating at 2.0 eV and with an energy of 0.3 nJ per pulse. The linewidth of the laser was 
reduced to 25 cm"1 by a one-plate birefringent filter inside the cavity. The autocorrelation 
traces of these pulses are consistent with pulses with a sech 2 profile and full-width-at-half-
maximum (FWHM) of 600 fs. The samples were maintained at 77 K. during the experiment. 

The light scattering experiment was performed in a backscattering geometry with both 
the incident and scattered light polarized along the [ 1 1 0 ] direction. The scattered 
radiation was analyzed with a standard double monochromator and detected with a cooled 
photomultiplier tube with photon counting electronics. The Raman spectra were superimposed 
on a luminescence background caused by recombination of thermalized electron-hole pairs. The 
photoexcited electron densities were calculated from the number of photons absorbed and also 
determined by analyzing the luminescence lineshape. A typical luminescence spectrum is shown 
in Fig.l. 
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Fig. I The time-integrated photoluminescence spectrum for the L»120 A sample. The two 
peaks correspond to transitions from the first and second confined electronic levels to the firs: 
and second confined hole levels respectively. The broken curve is a theoretical fit based on a 
model of two-dimensional electron and hole plasma each in quasi-thermal equilibrium. The 
areal electron and hole densities deduced from this fit are 8.4xl0 1 2 cm"2 corresponding to a bulk 
density of 7xl0 1 8cm" 3 . The sample temperature was 300 K. 
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This spectrum has been obtained from the 120 A sample at high excitation density. Two peaks 
are clearly visible and they correspond to recombination of electrons with holes from the first 
and second confined levels. The areal density determined from the luminescence spectrum is 
about 8.4xl0 1 3 cm"2. A typical Raman spectrum of this sample obtained after subtracting the 
luminescence background is shown in Fig.2. 
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Fig. 2 A typical Raman spectrum of the L-120 A sample after subtraction of the luminescence 
background . The sharp peak at -300 cm"1 is identified with Stokes-scattering of light by LO 
phonons. The anti-Stokes peak is barely visible because the phonon population is too low. The 
broader peak, on which the phonon is superimposed, is caused by scattering by SPE. The areal 
electron density for this spectrum is around 3.6xl0 1 2cm" 2. 

The Raman spectrum can be decomposed into relatively sharp peaks which correspond to 
Stokes and anti-Stokes phonon scattering, superimposed on a broader background assigned to 
scattering by single particle excitations (SPE) of hot electrons. Let us define N p h to be the 
occupation number of the phonon mode that is observed by our experiment. Let T p h be the 
phonon temperature defined as N p h - { exp(E t 0 /k b T p h ) - l } _ 1 where E L 0 is the phonon energy, k b 

is Boltzmann's constant. Phonon occupation number is determined by comparing the Stokes 
and anti-Stokes intensities. 1 4 , 1* In Fig.2, the anti-Stokes phonon peak is nearly invisible 
indicating a small phonon occupation number and thus low phonon temperature. Electron 
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temperature T is deduced also from the ratio of Stokes to anti-Stokes intensities. 1' 1 6 4 7 Some 
of the measured values of T € and T p h are plotted against the well thickness L in Fig. 3. In 
obtaining these results, the three-dimensional electron density has been maintained at a constant 
value of 3xl0 1 8cm" 3by adjusting the laser focal spot on the sample. 
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Fig. 3 The measured electron temperature T e (closed circles) and phonon temperature T p h (open 
triangles) plotted as functions of wull thickness. The bulk density of the electrons in all samples 
was kept a constant value of around 3xl0 1 8cm" 3. 

From Fig.3, we see that the electron temperature is almost independent of the well thickness 
whereas the phonon temperature increases with increasing thickness. Samples with L>1000 A 
behave essentially like bulk samples in that the phonon temperatures overshoot the electron 
temperature. The sample with L-3000 A has only a single well and can be considered really as 
a bulk sample. Electron temperatures are around 700 K, as is the case of bulk GaAs. 1 , 8 In 
bulk GaAs we have found that the hot phonon temperature increased rapidly with electron 
density (n.) for n e > l 0 1 7 c m ' 3 . At n € >10 1 8 cm"3, the phonon temperature saturated at a 
temperature above T . We found that in the quantum wells the phonon population also increased 
linearly with n e for'n < I 0 W cm"3. We therefore defined a phonon generation efficiency as 
dN h /dn # in the low density limit. This phonon generation efficiency is plotted as a function 
of well thickness in Fig. 4. We note that there is a decrease of almost 2 orders of magnitude in 
the phonon generation efficiency as we go from bulk GaAs to quantum wells with L«I20 A. 
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Fig. 4 Phonon generation efficiency (dN /dn.) obtained from N „ vs n plots at low electron 
densities (<I0W cm"3) as a function of quantum well thickness. P ' electron 

3. DISCUSSIONS 

Confinement of phonons in GaAs quantum wells leads to quantization of Dhonon 
wavevectors along the growth direction of the sample.'-" Let us define q to be the wavevector 
c L n n . 1 T J"*"-' " „ G a A s / A 1 A s m u l t i P ' « O^ntum wells with L>>lattice constam the 
' S a W O m T n rm ? r , S '? T ^ ^ l W e C M d e C O m p o s e « i n t 0 t w o component , 
Th.^ff 1 ( Q , m 7 U - ^ r 1 ' 2 - 3 - ) w h e r e Q « 'he component of the phonon wavevector along 
the well plane and z is the growth direction. 8 

When the well width is around 100 A, this confinement of the LO phonons is 
7/U~lJ°Z^>Caany a M e C , - , h e """-Gal ley electron-phonon scathing becau" 
rr/L ~3x 0 cm *) is comparable m magnitude to the wavevector of the majority of phonons 
involved in intravalley Frohlich interaction. On the other hand, it is reasonable o I m e to 
Jfhonnn e w S , H a , , e n n 8 S "* n 0 t 8 , ° j n g , 0 b " C h a n g e d v e r * m u c h »* confinementTecausTzone edge 
fhat h? v e ^ f > V e V , e C W r > > n / L * m r e s P o n s i b , e ' « ««««• Presses. Furthermore, electrons 
barrier, T ^ ? , ( ! L e n e r 8 y ^ U " d e r B ° i n t e r v a l I e V mattering will be less affected by the 
barriers. Thus in subpicosecond time scale where hot electron relaxation is mainly determined 
by intervalley scatterings, we expect that the cooling of hot electrons in quantum wells wilT not 

S 

http://cLnn.1T


differ significantly from bulk GaAs provided the well widths are bigger than 100 A. This is 
precisely what we observe in our experiment. The electron temperature stays constant around 
700 K as we vary the well thickness. Thus, we conclude that the intervalley scattering rates in 
quantum wells of the order of 100 A or larger are essentially the same as that of bulk GaAs. 

To understand our data on the t.O phonons, we need to know the wavevector of the 
phonon modes probed in our Raman scattering experiment. Let us define q 0=(Q 0,q t 0) to be the 
wavevector of the phonons observed in Raman scattering. It is known that away from 
resonance, Raman scattering measures mainly phonon mode with m»l . 1 0 Thus, q l 0 is equal to 
JT/L. Q 0 is determined by the momentum transfer of photons in the xy-plane in our 
experiment. This is because in Raman scattering in quantum wells, components of momenta 
along the plane of quantum wells must be conserved. In our backscattering geometry, Q 0 is 
very small, around 0.5x10 s cm"1. In other words, the phonon mode we observe in our 
experiment has very small (almost negligible for our purpose) wavevector in the plane of 
quantum wells. The wavevector along the z direction changes with well thickness as Jr/L. Thus 
the magnitude of wavevectors of the phonons we observe is larger than that of the phonon we 
observe in bulk sample (which is around 8xl0 5cm" 1) when L is bigger than say 400 A. This 
has an important effect on the generation rate of phonpns because the phonon generation 
efficiency by Frohlich interaction is proportional to I/q . , 1 4 Thus from this consideration 
alone, we expect a decrease by a factor of ~ 60 in phonon generation rate compared with the 
bulk when we decrease the well width to 120 A. 

There is another factor that further reduces the generation rate of phonons with 
wavevector Q 0 in the xy-plane. This is related to the momentum conservation along the xy 
plane in the electron-phonon scattering. It arises from the fact that electrons and phonons are 
free to move along the well plane. To generate hot phonons that we observe with such small 
wavevector along the plane, change in the electron momentum along the plane has to be very 
small also in the scattering process. As shown by the schematic scattering diagram in Fig. 5, 
phonons generated by intravalley electron-LO phonon scattering have wavevectors in the xy 
plane typically bigger than some minimal values Q A and Q B for intrasubband and intersubband 
scattering respectively. For well width of the order of 100 A, both Q A and Q B are larger than 
5x10 s cm"1. Since the transverse momentum Q 0 probed by Raman scattering is about ten times 
smaller, we do not expect to see any hot phonons at all in quantum wells with widths of the 
order of 100 A. One possible exception is the case when the intersubband energy difference 
E,-Ej is very close to E L O . In this special case, an electron can scatter from the second 
siibband to the first subband by emitting an LO phonon with essentially zero Q0. Thus it is 
necessary to consider alternate mechanisms to account for the hot phonons we observe in our 
samples with L-120 and 230 A. 

4. ALTERNATE MECHANISMS OF HOT PHONON CREATION IN QUANTUM WELLS 

The above analysis shows that the hot phonon generation efficiency measured by 
Raman scattering in quantum wells with L>I20 and 230 A should be reduced by more than, a 
factor of 100 compared to the bulk GaAs with comparable plasma densities and temperatures. 
Therefore we should not see any hot phonons at all in our samples with L-120 and 230 A. Yet 
we still observe some hot phonons in these samples as shown in Fig. 3. In bulk GaAs samples, 
the hot phonons measured in Raman scattering are produced mostly from intra-T-valley 
electron-LO phonon scattering. However, within one ps as much as half of the electrons excited 
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Fig. 5 A schematic diagram showing energy and momentum conservation in xy-plane in 
electron-LO phonon scattering. In A (intrasubband) and B (intersubband) processes, the 
smallest Q of LO phonons that can scatter the electron are denoted by Q A and Q B respectively. 

by the laser pulses are scattered into the L and X valleys.1 , 8 Return of thtse electrons back to r 
valley takes much longer, typically a few ps.* Once the electrons are in these satellite valleys, 
they will relax by intravalley or intervalley scatterings. Zone edge phonons will be involved in 
the intervalley scatterings while smaller wavevector ( typically MO 6cm' 1) LO phonon will be 
generated by intravalley scatterings. The hot LO phonons generated by intra-L and intra-X-
valley scatterings normally have wavevectors too large to be observed by Raman scattering in 
bulk GaAs samples. In quantum wells, however, the wavevector of phonons observable in 
Raman scattering can be as large as 10 s cm' 1 depending on L. These arguments are not 
affected by possible confinement of electrons in the satellite valleys. Such confinement effect is 
not expected to be significant because electrons in the L and X valleys have bigger effective 
masses than that of the T valley electrons and also because the barrier heights are lower for 
electrons in the L and X valleys. Thus, relaxation of hot electrons in L and X valleys either by 
intra- or intervalley scatterings in GaAs/AlAs quantum wells should be essentially same as in 

7 



bulk GaAs. Thus the emission of hot phonons during the intravalley relaxation of hot electrons 
in the higher conduction band valleys is a possible source of hot phonons observed in our L»120 
and 230 A quantum well samples. We have performed a preliminary calculation of the hot LO 
phonon population generated in this way. In the model we have assumed that all the hot LO 
phonons are produced in the L valleys. This assumption is reasonable because electrons in the 
X valleys can relax to the L valleys by emission of a zone-edge phonon. Although the 
deformation potential for this X to L intervailey scattering is not known with precision, based 
on the large density of available final states in the L valleys we expect that the scattering time 
will be competitive with the intravalley relaxation time. A comparison between this calculation 
and our data suggests that the observed hot LO phonon population in the narrower quantum 
wells can be accounted for, provided the time it takes for a L valley electron to emit a LO 
phonon is around 70 fs. This intravalley scattering time is about three times shorter than that 
of an electron in the r valley. Considering the larger effective mass of the L valley electrons, 
this shorter scattering time is quite plausible. 

We have also considered the possible emission of hot LO phonons by holes in quantum 
wells. The excess energy of photoexcited heavy holes is too small to generate an appreciable 
number of LO phonons. The number of photoexcited light holes is much smaller than the 
number of electrons scattered into the L and X valleys within 1 ps. Thus the most likely source 
of hot phonons observed in our experiment is the intravalley relaxation of hot electrons in the 
L valleys. 

5. CONCLUSION 

In conclusion, we have studied hot carrier relaxation in GaAs/AlAs quantum wells by 
subpicosecond Raman scattering as a function of well thickness and carrier density. We found 
that electron temperatures in quantum wells were almost the same as in bulk GaAs. However, 
there is a dramatic decrease in the hot LO phonon population observed in Raman scattering as 
the well thickness is decreased. Due to confinements of electrons in the r valley and of LO 
phonons in quantum wells, the hot LO phonons emitted during the relaxation of the r valley 
electrons cannot be observed by Raman scattering in quantum wells with L<300 A. This 
suppresion of hot LO phonons generated by the T valley electrons has made it possible to 
observe larger wavevector hot LO phonons generated by other mechanisms. We found that the 
hot LO phonon population observed in samples with L=120 and 230 A can be explained by the 
intravalley relaxation of hot electrons in the L valleys. 
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