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Significant progress has been achieved under grant AFOSR-86-0031 in understand-
ing the physics underlying ultrafast transicnt phenomena that occurs in the sem-
iconductor microstructures. This understanding is essential for making the neces-

sary advances for the future generation of ultrafast microelectronic devices.

Microstructure samples have been obtained primarily from H. Morkoc of University

of Illinois and other groups such as M Niigaki of Hamamatsu Photonic KK,TRid32s

Bertaska of McDonnel Douglas, and Emil Koteles of GTE.

The following summarizes our accomplishiments in the major effort on IlI-V sem-

iconductor microstructures and a minor cffort on II-VI compound.

1. Nonequilibrium Phonon Effects on the Energy Relaxation and Lifetime

of Photogenerated Carriers in GaAs MQW

We have carried out time-resolved photoluminescence with the finest time-
resolution of 2ps performed to date to investigate the ultrafast processes which

occurs in undoped GaAs/AlGaAs microstructures.

The existence of a large population of nonequilibrium (hot) phonons after an initial
rapid carrier cooling in an undoped multiple GaAs quantum well (55A) structure
excited by 500fs laser pulses is experimentally verified by time-resolved photo-
luminescence studies using a 2ps-time-resolution streak camera. The hot phonon
population is directly monitored by measuring time-resolved phonon replica
luminescence below n=1 electron to heavy-hole transition energy. It reaches to a
maximum in =~ 3ps after the end of laser pulse and decays with a 30ps time con-

stant. Its effects on carrier dynamics are the following two aspects. First, the
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) energy relaxation of carriers after an initial rapid cooling is substantially N
suppressed due to re-absorption of hot phonons by carriers. Second, the carricr
density decay is strongly influenced by the hot phonons in the system which N

stimulate phonon replica emission. This stimulated phonon replica emission is

o 55

mainly radiated and highly polarized in the well plane (x-y plane). An effective

1

carrier depletion time [density decreases by a factor of ¢~' from n,(z =0)] is

obtained to be as short as 10ps.

This work is of particular importance to the semiconductor community because it
solves the long standing controversial issue rcgarding the phonon assisted transi-
tions below n=1 clectron to hole transition in GaAs quantuin wells that was ini-
tially suggested by Professor Holonyak’s group (seec for example, Phys. Today, 40,
Oct. 1980). We have explicitly demonstrated that the hot phonons emitted by hot

electrons can stimulate phonon-replica-emission.

Part of this work was accepted to be published in Phys. Rev. B.

CH;

2. Observation of Ultrafast Lateral Diffusion of Photogencrated Carricrs in

2T

An Asymmetric GaAs Quantum Well

An experimental investigation of in-plane expansion of photogencrated carriers in a

single asymmetric GaAs quantum well is carried out using a streak camera and a

subpicosecond laser source at 4.3K. It is found that the carrier cxpansion process is

&

enhanced in the well plane by restricting carrier expansion in the well direction.
The effective diffusivity D~ of photoexcited carricr in the asymmetric well has

been directly determined to be 10°%m?/ s at 4.3K, which is about four orders

= &6°
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magnitude larger than the thermodynamic value in bulk GaAs. The expansion

velocity is determined to be 3.2x10%m [ s, which is four times larger than the

new insight to the problem of how to design semiconductor structuies in

|

E initial Fermi-velocity of the electrons.

i

[D The observation of an anomalously fast carrier expansion process in an asymmetric
‘{ quantum well, but not in the symmetric well is most important. It provides a
:

E order to obtain the desired carrier transport.
This work was submitied 1o Phvs. Rev. Lett. for publication.

3. Determination of Band Offsets via Optical transitions in Ultrathin

Quantum Wells

This work demonstrates what experimental data from optical transition should be

L

2

used and how it is sensitive to the ) -value of band offset. We have shown that
the precise  -value can be determined by systematically measuring the n=1 light-

and heavy-hole energy spacing (AE ) in the sensitive zone of well width (15 to

(g

80A). Furthermore, it is also shown that different connection rules and hole

masses yield different Q) -value and the appropriate connection rule can be discrim-

S e

inated also by systematically measuring AE as well as the energy spacing between

ground and first electron eigen state (AE ;, ) in the sensitive zone of L. .

~3

¥

<<

This work was published in Phys. Rev. B, 37, 1048 (1988).

<22

Recently, we are investigating the influence of different connection rules on the

exciton binding energy in III-V semiconductor quantum wells, and hence on the

TR
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determination of band off'set based on the data of AE.

4. Physics in semiconductor GaAs and GaSe under laser-driven shock-wave

compression

Using a pump-probe technique, the photoluminescence peak of bulk GaAs was
observed to blue shift and split into two components under the laser-induced shock
wave loading condition. The two components correspond to the transitions from
the I’y conduction band to the valence heavy- and light-hole subbands, because of
symmetry breaking by the uniaxial shock compression along the [001] direction.
From the blue shift, we deduced our picosecond-laser-induced shock pressure of ~

10k bar.

In GaSe, we observed a broadening of the spontaneous emission which is propor-
tional to the shock pressure and attributed to a shock-wave-induced exciton colli-

sion mechanism due to the directional motion of particles in the shocked region.

These works were published :n Appl. Phys. Lett. 51, 1789 (1987) and Appl. Phys.

Lett. 52, 93 (1987).

S. Optical transition and recombination lifetime in quasi-zero dimensional

clectron system in CdS, Se |-,

We report on the observation of optical transitions between quantized levels
(1S ,1P) in the conduction and valence bands in quasi-zero dimensional electron
systems in CdS, Se ., by 4K and 300K photoluminescence measurements. From

the relative luminescence intensitics arising from the 1S —1S and IP —1P
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transitions, it is shown that the photoexcited clectrons (holes) occupied in the

different quantized levels in conduction (valence) band are not coupled, or only

it
g:o weakly coupled. Picosecond luminescence studies of the optical transitions using a
! streak camera reveal a significant influence of three-dimensional confinement on the

recombination probabilities of photogenerated electrons and holes. The recombina-
tion life time of clectrons and holes in quasi-zero dimensional system decrease with
the diameter (d) of system from 210ps for d=10.2nm to 70ps for d=7.4nm at 4K.
The ratio of recombination life time for 1§ —1§ transition and 1P —1P transition

secms to be independent of the diameter of system, and is measured to be about

3.5. This ratio can be interpreted by the calculated squared transition matrix ele-

¥

ments and the nonradiative processes.

L=

This work was published in Appl. Phys. Lett. 51, 1839 (1987).
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Effects of nonequilibrium phonons on the energy

relaxation and recombination lifetime of photogenerated

carriers in undoped GaAs quantum wells

Kai Shum, M. R. Junnarkar, H. S. Chao, and R. R. Alfano

Institute for Ultrafast Spectroscopy and Lasers
Departments of Electrical Engineering and Physics

The City College of New York, New York, New York, 10031

and

H. Morkoc

Coordinated Science Laboratory, University of Illinois at

Urbana-Champaign, Urbana, Illinois 61801

ABSTRACT

Time-resolved and time-integrated photoluminescence studies of
an undoped multiple GaAs quantum well structure excited by 0.5ps
laser pulses have revealed several important experimental observations
on the behavior of photoexcited carriers. A large population of none-
quilibrium longitudinal optical phonons produced in the energy relaxa-
tion process of hot carriers manifests itself by the nonequilibrium pho-
non stimulated phonon-replica which located at ~ 30meV below n=1
electron-hole transition. The energy relaxation is substantially
suppressed due to the existence of nonequilibrium phonons after an ini-

tial rapid cooling (0-Sps). The number of photoexcited carriers

y 73
o

5%

o
S 2

A SRR Y
2ed

LN

PRAND o7
%y AT

":'r‘k’

(e m

P e
gl .

7] ®

]

g

gy
7

- -
0
-

o
b



|

3

-

.

N I

e, KD
a5

txN

Exy,

decreases anomalously fast within the first 30ps after the excitation by

laser pulse. An effective carrier depletion time is determined to be as
short as 10ps. A mechanism which leads to such a short carrier deple-

tion time is associated with the nonequilibrium phonon stimulated

phonon-replica.

PACS numbers: 63.20.Kr, 72.20.Jv, 73.40.Lqg.
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| Introduction

Recently, there have been growing interest in studying the dynamics of photo-
generated carriers in semiconductor quantum well structures since it reflects the fun-
damental interactions among electrons, holes and phonons. These interactions deter-
mine the performance of ultrahigh speed electronic and optoelectronic devices. In the
case of bulk semiconductors, the slowing of hot carrier relaxation is attributed to
either screeningl of electron-phonon interaction or re-heating of carriers by nonequili-
brium (NE) phonons produced in the relaxation process of hot carriers.>> A compara-
tive study? of the hot electron cooling rates in undoped multiple quantum well
(MQW) structures and in bulk GaAs by time-resolved measurements of optical
absorption and gain concluded that the rates were approximately same at a photogen-
erated carrier density of 2.5x10'7 ¢m™3. This is expected from a simple theory? in
which lattice is treated as a heat bath for quasi-equilibriumn carriers. In the case of
modulation doped MQW structures, quasi-steady-state experiments have been carried
out from two groups®’ to investigate the interaction of electrons and holes with pho-
nons. These experiments have generated conflicting results regarding the presence6 or
absence’ of NE phonons. Time-resolved PL measurements with ~20ps time resolution
were reported by Ryan et ol who found that the cooling of hot carriers was

anomalously slow after 40ps.

Reviewing the aforementioned previous works two irmportant points were
noticed. First, one can not extract information on the initial carrier relaxation process
either from quasi-steady-state experiments or from time-resolved measurements with
time resolution greater than 10ps. To assess the importance of NE phonon effect on the
energy relaxation of hot carricrs one uses a corresponding theory to match the experi-
mental carrier temperature cooling curve or the logarithm of power loss as function

of the inverse of the carrier temperature. There has been no report on the direct evi-

dence for existence of NE phonons in quantum well structures under high photoexci-
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" 2x4mm . The good quality of sample is confirmed by well resolved heavy-hole and
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tation. It is necessary to study the initial carrier relaxation process to substantiate the
existence of NE phonons and its importance on the hot-carrier relaxation since the
phonon lifetime is about 7ps. Second, one can not easily obtain information on photo-
generated carrier lifetime in modulation doped MQW structures because the large
doped-in carrier density is comparable to the photoexcited carrier density. Further-
more, carrier lifetime can influence the cooling of hot carriers.? Therefore, it is ncces-
sary to study photogenerated carrier dynamics in undoped MQW structures in order

to obtain information both on the energy loss rates and on the carricr lifetime.

In this paper, experimental observations are reported from the measurements of
time-resolved photoluminescence (PL) with a 2ps time resolution and time-integrated
luminescence spectra from an undoped GaAs MQW structure with dependences on
lattice temperature, excitation intensity, and polarization. The NE phonons emitted
by hot electrons are directly observed by measuring the time-integrated as well as
time-resolved phonon replica luminescence lying below the n=1 electron to heavy-
hole transition energy. The energy relaxation of hot clectrons is found to be substan-
tially suppressed when a large population of NE phonons is present after an initial
rapid cooling. The photoexcited carrier density extracted from a fitting of time-
resolved PL profiles at different emitted photon energies decreases non-exponentially
and very rapidly within the first 30ps. An effective carrier depletion time is deter-
mined to be as short as 10ps. The mechanism leading to such short carrier deplet.on

time is associated with NE phonon stimulated phonon-replica.
I  Sample

The undoped GaAs/Al Ga, As MQW structure investigated was grown by
molecular-beam epitaxy on a (001)-oriented undoped GaAs substrate. The MQW con-

sists of 50 periods of 55A thick GaAs and 100A thick Aly ;Ga, ,As layers, and fol-

lowed by a 1.2um GaAs buffer layer. The lateral size of the structure is about

pins
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light-hole excitonic structures of room temperature PL. spectra. The FWHM for the
heavy-hole excitons is about 13meV. The sample was mounied on the cold finger in

an optical helium cryostat.
I  Experiment

An ultrashort laser pulse of 0.5ps duration at 620nm was used to excite the
electron-hole pairs in the sample. Most of light is absorbed in both the GaAs wells
and the AlGaAs barriers. Photogenerated carriers in the barriers will either diffuse to
the GaAs buffer layer or be captured into the wells. The latter will result in uncer-
tainty about carrier density in the wells by a fact of ~ 3. Residual transmitted light
is absorbed in the GaAs buffer layer. The diameter of excitation area is about 160um .
To avoid damaging of the sample surface, the maximum excitation power is adjusted
such that photogenerated carrier density is on order of 10"%m™3. The 0.5ps laser
pulse was generated from a colliding-pulse passive mode-locked dye laser and
amplified by a four-stage dye amplifier pumped with a frequency doubled Nd: YAG
laser operated at 20Hz. In order to keep the time resolution of Hamamatsu streak
camera system within 2ps, PL was spectrally resolved using different narrow band
filters. The luminescence intensities were corrected for the nonlinearity of streak
rate, the spectral response, and the transmission of each narrow band. For the time-
integrated PL measurements, a Stanford boxcar and a GaAs photomultiplicr were

used.

IV Results and Discussion

1. Stead y-state

Time-integrated luminescence spectra from the MQW structure excited by the
0.5ps laser pulse at various lattice temperatures (7, ) are shown in Fig.1. These spec-
tra were taken in a conventional backward Raman configuration =z (y,y )z, where z is

the growth direction. In order to eliminate radiation from the edges of the sample,
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the luminescence spot was first imaged on an aperture with aid of a streak camera A

i
E and then re-focused onto a vertical slit of.a grating spectrometer. Several features ace "‘-
displayed in the data shown in Fig.1. (1) The emission band A on high energy side of :.:.‘:,.:'
ﬁ the spectra arises from the recombination of photogenerated n=1 electron-hole. The :?:E'::
! peak of A shifts towards the low energy side as the 7; increases. An high energy R
tail on the peak A develops with increasing T'; . ]
ﬁ (2) A broad emission band C at low energy side of the spectra arises from the
GaAs buffer layer. The total emission intensity of C decreases as T, increases. ; ;
oy
§ (3) The most interesting feature of the spectral data is the appearance of an ::,':::,%:

emission band B, located about 30meV below the n=1 electron-heavy-hole transition.

e 2
L Y

-
T
R
-
o R

This B emission band is attributed to the NE phonon stimulated phonon-replica. The

following four reasons support this assignment to the B band:

S |

X ¥ s

(i) This B emission band does not appear in the PL spectra taken at low power

-

e I
oo

I

excitation about 1W/cm? at 4.3K using a cw 488nm line of an argon-ion laser. How-

o

12

3, ‘1)
=
AL

ever, the PL spectra using a very weak train of laser pulses (120fs) directly from the

&
s

colliding-pulse passive mode-locked dye laser as the excitation source, with an excita-

K
® 3

tion power density in range of 1075—1073W / cm?, shows a weak electron to acceptor

o,
= emission band separated by 17meV from the n=1 electron-heavy-hole transition :’F
‘6 accompanied by its phonon—replicalo at low temperatures. This extrinsic emission '
9 band disappeared completely when the sample temperature was raised to ~ 80K, .\
¥ whereas the B band displayed in Fig.l exists up to room temperature. Moreover, the \"
:3 relative time-integrated PL intensity of the B to A band under 0.5ps light pulse exci- -:

tation shown in the Fig.] decreases as the excitation power density decrcases. The B

=
]

band in Fig.l is hardly visible when the excitation power density is lower than ;:\;
-
P
$ 1073p,,, where P, ~10'?W / cm? is the maximum value of the excitation power den- ‘,:"'
o sity. This contradicts what is generally expected for impurity emission. Since the
N
g concentration of acceptors is low in our sample as confirmed by the luminescence stu- .r',;.r
.
'u:‘
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b ":.':
dics using the weak train of 120fs light pulses, an impurity emission band should be .":':::!
, e
N more readily apparent and pronounced at lower excitation. Therefore, the B emission 3
o,
. band shown in Fig.1 can not be attributed to electron to acceptor luminescence under .:':::::
R e
I t,!
W high excitation. '::::.:.
e
(ii) The intensity ratio between the B and A emission bands as indicated by tri-
i
angle in Fig.2 increases as lattice temperature increases. To convince the cmission ‘:'::'
Lt
it
band B arises from NE phonon stimulated recombination process, we calculate the v:::::
,-.9'1
sum of occupation numbers both for the equilibrium phonons ( lattice temperature “
l;.‘t‘
T, ) and for the NE phonons ( carrier temperature 7. ) by assuming the carrier tem- ‘:':,',::'
.
1) ‘*'
@ perature is same as the effective temperature for the NE phonons after 30ps. This ..:‘,:::
JYd
Mo”0
will be discussed later with the carrier temperature. The calculated result is shown ik
SV K
)
@ by the solid line in Fig.2. The fitting of the total phonon occupation number to the V’a:
W)
. obtained intensity ratio from the spectra is impressively good. This implies that the ‘ $:'
9 )
JIUN
% intensity of band B is well correlated with the LO-phonon population. Because of the ¥ 3
it
a participation of NE phonon the intensity of B band (see also time-resolved lumines- '::.':
cence at 780nm in Fig.4) is strongly enhanced especially at low temperatures. This : ,:5
.h‘!hr
! further supports our assignment of the B band to the NE phonon stimulated phonon i &
¥t
' )
replica. ! :::'E
N » y
- (iii) It is also not possible to attribute the emission band B to the emission from '.: "
Byt
!“ renormalized band-band transition because the peak position of the A band (766.7nm) _‘
o =
- and the B band at 4.3K do not change with variation of excitation intensity by a fac- .‘_‘,'N u
) ‘\-".:i’ 3
E: tor of ~103. A further support to above statement is the fact that the spectral posi- :’-s':.
- et )
tion of peak A exactly coincides with each other for the two different luminescence L]
g studies using different light excitation sources: one is the weak 120fs-pulse train with \::::.':
T a repetition rate of 125MHz, and the other is the amplificd O.5ps-pulse with a 20Hz '.':
" repetition rate.
T
(iv) We have also studicd the polarization of the emission bands A, B, and C b g
po y PN
- N X
G ‘ =
- = RN
\ r ’-‘
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measuring "right-angle" 1112 2 (y,x)y and z(y, z )y integrated luminescence spectra.

It was found that the B band emitted at the sample edge along the y-direction (see
inset of Fig.3) was highly polarized in the x-direction. The A and C emission bands
were depolarized, independent of excitation power density and lattice temperature.
The intensity ratio between the x- and z-direction for the B band is about 20 in the
lattice temperature range from 4.3 to 300K at full excitation power density 7,,. But,
the ratio is strongly dependent on the excitation power density at a given lattice tem-
perature. For example, at T, = 20K, the ratio decreases from 20 to ~6 as the excita-
tion power density decreases from P, to 0.017P,. Fig.3 shows the spectra for
T, = 100K at two different excitation intensities. The lower solid trace was taken
in z (y, x )y configuration (TE polarization) at the excitation density of 0.017P,,. It is
identical to the spectrum taken in z (y, = )y configuration (TM polarization) w hich is
not shown. The B band disappears due to the absence of large population of NE pho-
nons at the low excitation and high lattice temperature. The upper solid and broken
traces are the TM and TE spectra at the full excitation 2P, , respectively. The inten-
sity ratio of TE and TM remains 20. excitation P,,. It should be pointed out that the
energy position of A band in Fig.3 is lower than that in Fig.1 by ~4meV while the
position of B band remains unchanged. This low energy shift of A band is due to the
self-absorption effect. The polarization behavior of B band is consistent with the
results from Raman scattering experiments reported by Zucker et al.'* where the
pump photons are provided by the external laser source. In our case the pump pho-
tons arise from the recombination of n=1 electron and n=1 heavy-holc at the subband
edges. This process is strongly enhanced by the presence of a large number of NE
phonons emitted by hot-electrons at high excitation. The depolarized feature of the
band C is expected since the emission is from the GaAs buffer layer. However, the

polarization behavior of the emission band A is not understood. In terms of the selec-

tion rule of dipole recombination described by Iwamnra ¢t al.'3, the emission intensity
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of n=1 electron-light-hole for the TE polarization shouid be four times larger than
that for the TM polarization. There should be no TM emission arising from n=1
electron-heavy-hole recombination. It should be mentioned here that the B band in
the Fig.1 which was detected along the z-direction is depolarized and much weaker,
at least a fact of 20, than detected along the y-direction. The former is expected due
to the symmetry and the latter provides an important rule for understanding a fast

carrier density decreasing process which will be discussed in the time-resolved section.

In order to further substantiate our assignment of the B band, two additional

questions must be addressed:

(1) Why no phonon replica appears on the high energy side of the A band, if a
large NE phonon population really arises? A high energy replica would arise from a
recombination of an energetically elevated electron (hole) by absorbing a phonon and
hole (electron). However, the elevated electron (hole) will be very quickly scattered
by the other hot electrons (holes) through a strong electron-electron, electron-hole,
and hole-hole interaction before it recombines with a hole (an clectron). Therefore,
the high energy replica can not be observed in PL spectra. But, this re-heating process
should result in a retardation of hot carrier cooling Which is indeed consistent with

the time-resolved PL data described in the next section.

(2) Why is the energy separation betwecen the peaks of A and B bands (£ 45 ), on
order of ~ 30meV which is smaller than expected (36meV)? The 30meV cnergy
separation in fact gives a further strong support of our assignment of the B band. In

an cquilibrium state, the interaction strength of electron and LO phonon in a bulk
GaAs is proportional to -Q.I.T where @ is the phonon wave vector. Therefore, the pho-
nons in vicinity of @ = 0 would be expected to more strongly couplc with electrons

giving rise to a phonon replica at just 3bmeV below its primary emission band. In

our highly photocxcited MQW sample, LO phonons are driven to a NE state by a rapid

initial energy relaxation process of photoexcited hot electrons. The develop of these
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NE both in time domain and in two-dimensional wave vector space (¢, parallel to the
well plane) has been recently studied by several groups.]"'15 Two important results
on the number of NE LO phonon population are : (i) At given ¢, it can reach to a
maximum in about 0.5 - 3ps and then decrease. (ii) At a given time, it increases stee-
ply from a minimum of ¢ n;,, reaches to a maximum at q., and then decreases. What
is essential concerning the question is that there is a maximum NE LO pho-
non population which is located both in a narrow wave vector space of the
vicinity of ¢. and in the well plane and lasts in a short time period. This
portion of NE phonons behaves like coherent Bosons. The existence of the "coherent
Bosons" will tend to increase the number of the Bosons (near g. ) in the system with
a rate proportional to the present number of Bosons resulting in a stimulated phonon
emission process. This process can give rise to a phonon replica emissions, when an
electron in the conduction subband recombines with a hole in the valence subband,
not only a photon but also a phonon or more phonons will be emitted to join the
Boson system. In order to conserve the momentum of electron-phonon system in this

recombination, the electron must possess a momentum of g, (neglecting the momen-

e

» - . . ﬁ- &
tum of the emitted photon) which is associated with a Kinetic energy of £, = 3 g,
L4 m‘l

Therefore, the energy E,.45 should be equal to LO phonon energy minus £, which is

about 6meV corresponding to the values of 1.03x10%cm ™! and 0.067m, for ¢, and elec-

tron effective mass m,. Thus, this gives 30meV for E,5.

Over years, there has been much debate!316718 over the interpretation of the
spectral features locate below the n=1 electron 10 hcavy-hole transition energy,
mainly because many species exist in this energy region: LO-phonon replica, impurity
states, and many body band gap renormalization. Holonyak and co-workers!? have
demonstrated the LO-phonon participation in GaAs-AlGaAs based QW laser cmission

by observing more than one LO-phonon sidebands in the laser operation below the

n=1 confincd-particle transition. Recently, Skolnick et al.'® confirmed that a peak
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below the n=1 electron-heavy-hole transition is phonon replica by observing the cou-
pling at both the GaAs- and InAs-like bulk LO-phonon energics of InGaAs QW. Qur

measurements support these arguments.

2. Time-resolved

Time-resolved PL intensities of the MQW structure at 4.3K were measured over
the spectral range from 720 to 780nm. Four rcpresentative streaks at given selected
wavelengths are shown in Fig.4. The emission centered at 770nm arises from the
recombination of band edge electron and heavy-hole. The radiation with wavelengths
less than 770nm are from the recombination of hot carricrs. The time-resolved
luminescence intensity of the phonon replica is centered at 780nm. Each lumines-
cence profile is an average from 10 individual shots using a prcpulsc19 for averaging.
The left peak of the dotted curve is the prepulse which reflects the 2ps temporal reso-
lution. The right peak on the same curve is the Rayleigh scattering light from the
sample surface which defines the "zero” time for our analysis. Several features
appear in the data displayed in the Fig.d. (i) The rise time for all the luminescence
profiles are instrumental; a 2ps up-limit reflects the rapid thermalization, capturing,
and initial cooling. (ii) The shape of rise-part of luminescence profile at 780nm is
similar to that at 770nm, but delayed by ~ 3ps. This implies that the emission at
780nm does not originate from the same band as the emission at 770nm; otherw ise,
the rise-part of the luminescence at 780 should start at the same zero point as that at
770nm. The delay of ~ 3ps is consistent with our assignment of the emission band
center at 780nm to the stimulated phonon-replica. This 3ps is the time required to
establish a large population of NE phonons at g, . (iii) The luminescence decay time=°
of 30ps (broken curve) for the phonon replica emission at 780nm is shorter than the
luminescence decay time of 60ps at 770nm. This supports that the emission at

780nm can not be due to impurity emission at high excitation.
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To study the NE phonon effect on energy relaxation process quantitatively, car- “ o]
’¢
A
. . . . . . e
ﬁ ricr temperature and density as function of time should be determined simultane- -
W
ously. An expression in the time domain is introduced to fit the time-resolved PL ,:.:
ol
E data by using two adjustable parameters, namely, the carrier density*! (n,) and the \',::.ti
I'.
! electron temperature (7. ). For the direct optical transition in MQW, the lumines- "'
TN
cence intensity is given by: ;
f" -
& —t/r 2 - & ':
I(E;,t)=C (1—e N IMe_n V20 [ePrn [+ VMo o fopm [a ], (1) X!
I! 1
g where the p. an s ~m. 4n, are the density of state for clectron, heavy-hole, and "..‘;’
M)
6,8
light-hole; the M, _,, ys) is the matrix element?* for electron to hh(lh) transition; C, | :'e::‘
g ¥
l" ‘I’
@ absorbed all the constant factors including the corrections for detector response and oY
ﬁ the transmission of each narrow band filters used; 7, is the rise time of luminescence
",
pt %
and is set to be ~ Ips which is an up-limit of thermalization tine of electron-hole "‘\r
wX
@ system; "gﬁ:
1 o
} fr.h = = T (2) AOAL
§ e T en M My 0,5
is the Fermi-Dirac distributions for the electrons in conduction band (with subscript 4.
‘ e) and for the holes in valence band (with subscript h). z'
o
"
An unique set parameters of 7.(t) and u, (¢ ) was determined by consistently fat]
.
PN
g fitting all the luminescence profiles detected at different photon energies E;. Three E N
8,
N
gj calculated luminescence profiles corresponding the experimental data are shown in &8
o
. . .l-\
) Fig.4 by the thick solid curves. ::
WA
ﬂ"f‘, '.-\-
s The determined T. as function of time is plotted as the solid curve in Fig.5. The :-:::
[N ",‘\ !
ﬁ shaded area reflects the extent of the uncertainty in deducing the carrier temperature ‘“
A
< within the first 4ps due to our limited time resolution. The plotted data in Fig.5 is ¢ ‘-
. . . . . . . . .f\ '
a interpreted as follows. Carrier-carrier collisions quickly leads to a thermalized distri- ;::* y
bution at very high 7. within lps due to a large number of hot carriers excited.?3 X '
(B
Ny
ﬁ Although an initial thermalization process of carriers can only be probed by fem- '.::‘:::‘(
oy
)
- "
A - — .
N .'\‘ .';',‘

" :1 E‘ ["’\ :'\ E\- t\ &._\..'v..\ t'\ t\ E'- = '[y 't\ A A R I et
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| tosccond spectroscopy. An initial cooling of the thermalized distribution is stu- it
Y ¢
[ died with our present time resofution of 2ps, providing information about i )
",
; the cnergy relaxation and the density decay of photogenerated carriers. The . .‘::
‘ »
g initial cooling within first Sps is very fast (250K/ps) reflecting both the screening! it
A
‘ and NE phonon effects are small. After the initial cooling, a large number of longitu-
! ]
dinal optical phonons in a finite wavevector space accumulates due to the finite pho- ot :',
- u
v
\{‘; non lifetime.** The phonons emitted by the hot electrons are reabsorbed by the elec- q-"”
L% .'."'.
o'V
trons as a reverse process of the emission giving rise to a slower cooling for the hot A
o
L]
g carricrs. It should be emphasized here that the rapid initial cooling rules out the
Moy
. . . Ao
§_~ importance of significant screening of electron-phonon interaction in the present ';
§
b (] st
study. If the initial screening was important,! the initial rapid cooling would be j
&N
S My
.3: slowed and a NE phonon population would not be built up. ,'.-s.
- X
. . . . e . NG
. Another important observation displayed in the Fig.5 is that the time constant e
by X
ﬁ for the slow decay component of carrier temperature cooling curve is ~ 30ps which is &
L
\'_:7.
"5 same as the decay time of the NE phonon stimulated phonon replica emission at o]
b LY
) 7
b 780nm (see Fig.4). This suggests that ~ 5Sps is required for the electron system and f:':'

y o
fl"\
P

the NE phonon system to be essentially equilibrated with each other. The coupled

Y
electron-phonon system decays with a common decay constant of about 30ps. It :’:
Y s"'),
W ’
o should be emphasized that this time constant (30ps) is the lifetime of NE phonons :'{E
o
P
L which differ from the equilibrium phonon lifetime of ~7ps. The longer lifetime for r-!
PN
- the NE phonons than equilibrium phonon is due to the coupling between the hot elec- a')
Uy
Y “"
" trons and NE phonons. -,-'_\",,
- I
The determined quasi-Fermi-encrgies for electrons ar * holes are plotted in Fig.6. " '
o~ PN
": The changes of u, and u, are very rapid with the first 10ps reflecting a rapid decrease :\C
‘Al ]
of the carrier density. The behavior of the degeneracy for electrons and holes with f::: '
L function of time is reversed due the difference in cffective masses for the electrons
z and holes.
vy
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The quasi-equilibrium distribution functions for the electrons and the holes can
be experimentally determined from 7.(: ) and u, , (¢ ). Using these distributions the
encrgy loss rates for the electrons and holes can be obtained. The cnergy loss rate

(P. 4» ) is defined as follows:

P th—.—d <[; >(’th = _d__ [ f(\ Gf (TC'ut‘.llh ve)de ]' (3)
e, dt dt j:) f (7: Lo ,G)d A

When the electron-hole system is treated as the Maxwell-Boltzmann gas, the energy

loss rate for the carriers (c=e,hh) is given by:

dT.(t)
=K
dt

(4)

It should be pointed that the energy loss rates for the electrons and heavy-hole
obtained by Eq.(3) are the net loss rates. These include the energy loss due to
electron(hole)-phonon interactions and the enecrgy exchange between electrons and
holes by carrier-carrier scattering. The hole-phonon scattering rate was calculated™
and measured® to be 2.5 1o 3 times larger than the rate for the electrons due to the
additional coupling through the deformation-potential. The c¢nergy transfer from
electrons to holes should be expected in our photogencrated carrier system as long as
the characteristic time for the electron-hole scaitering is shorter than the electron-

phonon scattering time,

The determined energy loss rates using Eqs. 3 or 4 are shown in Fig.7. The solid
and dotted curves were obtained from Eq.3 for the electrons and heavy-holes, respec-
tively. The dot-dashed curve was obtained from Eq.(4). It should be pointed out that
the curves obtained from either Eqgs.3 or 4 are the experimental data because the dis-
tribution function f (T.,u, ,) was experimentally determined. The broken line in
the Fig.7 is calculated based on the simple thcory5 where the lattice is treated as a

heat bath for the quasi-equilibrium carriers.

The salient features of the data displayed in the Fig.7 are:
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(i) The energy loss rate for the electrons is more than two orders smaller than
predicted by the simple theory5 (broken line). The reason for the difference arises
from the re-heating of electrons by the NE phonons. The energy loss rate determined
for the electrons by scattering with LO-phonons via the wave-vector dependent
Frohlich interaction may be even smaller than what we have determined because the
net energy loss rate determined from Eq.3 is sum of rates due to electron-phonon
interactions and electron-hole interactions. The smaller P,, than P, is because of the
presence of light-hole population and the different masses for the electron and hh
which leads to different behavior of quasi-Fermi energics for the electron and hh as

function of time.

(ii) The net energy loss rates for the electrons and heavy-holes almost follow the
rate determined from Eq.4). The reasons for this are the rapid decrcase of u, as
shown in the Fig.6 as well as the slow cooling of the carricr temperature which
result in u./ KT. <0.5, making the electron-hole systern bchave more like a

Boltzmann gas.

(iii) The energy loss rates increase as 7. increases. The curves in the Fig.7 even
bends over and approaches the maximum value of 5.3x1078W for bulk GaAs. This
"bending” behavior reflects the initial rapid cooling of hot carriers and was also
observed by Shah et al.® This may be the indication for the presence of NE phonons in

the system.
The average phonon emission time’® for hot carrier to cmit a LO phonon is
defined by:

_Epp -r,01 kT,
v = p € .

The value of 7., as function of the carrier temperature is plotted in Fig.8. This is

T

(5)

just another way to describe the energy relaxation process. As can be seen the 7., is

avg

not a constant but carrier temperature dependent and hence time dependent.

For T. >1200K or t < Sps the 7,, remains at a valuc of about Ips. At the initial
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stage of carrier cooling only an up-limit of 0.9ps was determined from the data A

.‘
Lo
ﬁ shown in the Fig.d. The theoretical predicted value should be ~0.16ps 7 which is Rt
AL
_, consistent with our value within the limited time resolution. As time t > Sps (or ;ﬁg:'
' o
& T. <1200K ) the 7, increases quickly with decrease of the carrier temperature "::":
. . !

i reflecting that a large NE phonon population is built up and the carrier cooling is At
) Ny
suppressed. At T, = 480K, 7, is 10ps. Ryan ¢z al8 obtained a constant value of ,.ﬁ":‘;
! Y 0,:
‘:'f: 7ps for 7,, by studies of time-resolved PL of modulation doped-MQW. The reason .ﬁ;
. " ¢
Y]

for this is simply because their time resolution of ~20ps did not allow them to mon- v‘

oy
™ itor the entire carrier cooling process. -.-\._\(,

o
U}‘ Information about the time dependence of initial carrier population can be PN .
1 L3

Pell :#',’_'.
obtained using the experimentally determined distribution function f . ,. The densi- %

- S
};'.: ties are obtained by the follow ing expressions: ‘i\r:"-r
o ‘ ‘
- e
ﬁ n(e)= [ p. fode; (0) NN
L w e
n,,,,(t)=f“p,,hf,,de; (7) S
oo o

;.' n,h(t)=f_\£p,h fhde, (8) :.:
[N ’-\'1.-”.
i where AE is the energy separation between the hh- and lh-subbands at the zone e
-

e
a center. The carrier densities for the electrons, heavy-holes, and light-holes as function ‘F‘"
of time are plotted in Fig.9. The quantity of In [n, (z )] is also plotted in this figure as :::‘ ‘

S )

,-_ By
f{- a broken curve. ‘:: o
3 o

._.
X
x

The salient feature of the data in the Fig.Q is that the carrier density decreases

Lt
l' .

{'.,
'I

“'ﬁf ( ‘ .

non-exponentially and varies (by a factor of 10) rapidly within the first 30ps after

..!
N the excitation by laser pulse. One can not define a single carrier lifetime due to the \*.&
lv . \
¥ . . . . *
non-exponential nature of the density curves. However, an effective carrier depletion ".‘ Y
" - . e
t'.r- time [density decreases by a factor of e ™! from n (¢ =0)] is deduced to be as short as :*
'~ LSS
-2 10ps. The slow component of density decay curve reflects part of bimolecular recom- “:.:.t-
- '--\"-
* : . - . MRS
Bt bination process. The fast decrease of carrier density occurring in such a short time e
u
ge period cannot be accounted for by the usual bimolecular recombination, which is a .f-f::
- NN
I'- "“
) N
Vz ) — .I.'..-.
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o
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much slower process, on a nanosecond time scale in a bulk GaAs and about 350ps in
quantum well structure with well thickness of ~ 5nm.%® Several other possibilities

should be pointed out and discussed:

(i) Rapid carrier diffusion process may be utilized®’ to shorten the lifctime of the
carriers within an excited spot. Assuming the velocity of photoexcited carriers mov-
ing in the directions perpendicular to the z-axis is on an order of 10em/ s, an
extremely small radius of about 1um for the excitation spot would be required to
decrease carrier density by a factor 10 in the excited region. Since the radius of the
excitation spot was abcut 160um in our experiment, the carricr diffusion out of the

excited region can not result in the ultrafast depletion time of 10ps.

(ii) Auger recombination resulting from strong electron-electron Coulomb
interaction may be very efficient and causes a substantial shortening of carrier life-
time at high carrier density in a quasi-two-dimensional carrier system. But from a
comparative study,”® Auger recombination in semiconductor MOQW structure and
bulk were found to be close to each other. Using a value of 1.5x107%¢m®s ~! for the
nonradiative Auger rate in bulk GaAs at room temperature,®? Auger recombination
lifetime at carrier density of 10"%m™ should be 670ps which is about 100 times larger
than the carrier depletion time. However, a detailed study of Auger recombination in
semiconductor MWQ structures under the condition of high carrier density, high car-
rier temperature, low lattice temperature, and presence of a large population of NE

LO phonons does not exist in the literature.

(iii) Finally, let us consider what role the NE phonons can play in reducing the
initial carrier depletion time to 10ps. As discussed in the steady-state scction, there is
a stimulated phonon emission process accompanied by an intense stimulated phonon
replica which is mainly radiated at the sample edge and propagates parallel to the
well plane. We found that the stimulated phonon replica detected along the y-

direction also had a decay time constant about 30ps which is same as that detected
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along the z-direction. Therefore, it is most likely that the initial rapid carrier deple-
tion is due to the participation of the NI 1.LO phonons which stimulates the emission
of phonon replica. It should be noted that this stimulated process is remarkablely
different from the regular stimulated emission process in which phonons do not parti-
cipate. As in semiconductor lasers, the stimulated emission is less effective at room
temperature. Moreover, a longitudinal optical phonon (1.O)-phonon replica plays no
significant role in the laser operation of bulk GaAs, which is expected because of the
weak electron-phonon coupling. Therefore, the prominence of phonon-assistant
recombination in our quantum well structure is due to the presence of a large
number of NE LO-phonons produced in the relaxation process of hot carriers. By
employing the NE-phonon model we able to cxplain not ondy the stow carrier cooling
but also the ultrashort carrier depletion tume in highly photoexcited undoped yuantum
well structures.

V  Conclusion

With 2ps time resolution we are able 1o study the initial energy relaxation of
the hot carriers and the decrease of carrier density simultancously. The existence of a
large population of NE phonons in highly excited semiconductor quantum well struc-
tures is experimentally verified. Its effect on the encrgy relaxation is to slow down
the cooling rate after an initial rapid cooling (O-5ps). A new mechanism used to
explain the ultrashort carrier depletion time ~10ps deduced from the ftting of
time-resolved PL profiles at different emitted photon energics is proposed to be associ-

ated with NE phonon stimulated phonon replica emission rather than other nonradia-

tive processes.
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Figure Cuption 3 l.f,
{ h !
% Fig.1 Time-integrated luminescence spectra at various lattice temperatures. The peaks )
01
ﬁ A, B, and C are explained in the text. ':.::'\'é'
4
e
Fig.2Triangles are the ratios of the peak intensity of B and A indicated in the Fig.l. .‘:‘:‘,
2t
i The solid curve is explained in the text.
o
AT
I'ig.3Time-integrated PL. spectra taken in the geometry as shown in the inset at 100K. ;E:"
i
- N
Fig.4Time-resolved PL profiles (thin solid curves) from the symmetric MQW at 4K at ‘_
g. various wavelengths. The narrow peaks within O-10ps are the pre-pulses used : q:;
o]
for averaging. The next peak of dotted curve is the Rayleigh scattering light j%:::
4
A,
3 from the sample surface. The thick broken curve is generated by an expression .,.',:f
N of 1(Es)=IJ1—e” ')k ™'7 and the thick solid curves are generated by ,
L] LSS
Y (% ‘\-,‘

" .I‘&
7
-

Fig.5Experimentally determined carrier temperature as function of time. The shaded e

area indicates the extent of uncertainty in deducing carrier temperature within

3 3
0y} first 4ps. A
e,
5“ Fig.0Experimental determined quasi-IFfermi energics for electrons (up solid curve) and . i
. v,
for holes (down solid curve). :..:'P
z %
W5 Fig.7Experimentally determined net energy loss rates for ciectrons (¢) and heavy- \$ )
/ vl
*
. R C N
( holes (hh) obtained from two quasi-equilibrium Fermi-Dirac distribution func- Y
- 7
-
7 tions. The dot-dashed curve is obtained from Maxwell-Boltzmann distribution _:::
ST
-'__l' .
b function. The broken line is theoretical result for bulk GaAs without the effects A
5 -.‘-l
e - ';ﬁ-.
of screening and nonequilibrium phonons. The power unit is 107! watts.
” PN
~ Fig.8Experimentally determined average phonon emission time as function of carrier .
o
< temperature. f-:",;
" Py
Fig.9Experimentally determined carrier densities as function of time. e for clectron, o
4
\ +
hh for heavy-hole, and lh for light-hole. The broken curve is the nature loga- s
it 0, f
o - .o
t . "®
i ' A:}"\'
TN A N N A AT A N e O A N A SN I S,




FE XY . VXY , . oF P vy,
o oo A W S P e 5 X EXEX o ARy I R DA g bt LT LSS Lol ) G
(] S35 19 T I T W PR % A A T A N O o M s :

LIAALATA

24

rithm plot of electron density.

c L Tt xta . " R - -ani re=
G B XME 2 WOy P S35k 0Ny MR WY AR K eRY WA Ay NSRS K R

: ’ AN N - ? .
RCA A AASCEI NoR NS P = gt o= WA R Pt i A A A Mt SO TS o R (LTt ARk SR



PN T T WA WL W AL e e

R )
..
"

X
»

A%

850

2H0K

- © X
N R

@ 1

&

IOOK
30K
806

Fig.1
('lr‘l b

784
WAVELENGTH (nm)

62

740

e - - I". » .,' '. ‘‘‘‘‘‘‘‘‘‘‘ ..'.-
- -, PR Y o < _.fl_-.... et T O
A AR e -._. (RN N A NICRAN RO S Ca e I N,
-~ ‘ ~ )“ JL-AA.‘




«W‘Fﬁ".‘""’.‘[ﬂ?’)i'l‘u"j'jm PEAS AV Rl e el Rk

7t TR S IPTH
300
LSS LY

|
2950

1
200
(K)
3

|
150

Fig.2

Tu

1
100

50

o

~

'f_!, R

.00
080 -
060

*

040
020
O

A _"f":__.r .-\r\.r“-.'r

. - N . s o gt
: - ] R N R N T BRI S
‘*mm.}f: 2‘...'{;_(;_‘:' :"P‘.‘t‘:‘n' o N e dda A 1{'. Al I . ¥




- o , AN IR S E BRI e ML LR W NSRS
R O *\J%JH‘.W. P\......\...».-.- el ‘-cﬂw.kumwawl t.rM.me.N o..l \r\,w...”r.nw.\rsr. st @

.-Fw\ \A\n-\-nvi-v- .J..-.I--u..f.fy A IR DY e ST e R R R

Fig.3

————

¥ e " " -
%-’.'_--_ -
LRI S Sy,

e

:
D
)
: Pq
% @) X
; 0 5
: @® X
[ ...M
: i
m » Ivfu
; &
: - 2
W;. -\u- §
ﬁ — "
r . x
m E
| c %
w. ~ ...ML
w E - 4
» . Dl T ”.““..
; n O Vol
” O ) = R .NL
m.. > ~ Y
| < Y

P~ wi

— >

S

—
w Y at
AN

[OOK
SN

-
-
LR
ot A e
AN Bl A

L

GaAs MQW

YRS
TN

| WY ¥

740

0t 0 \---

(P'D) ALISN3LNI Q3LVHO3LNI

YW aTe .
LA
a Cala

e

mnEmmxnumnynHnnmmmtmmvmmmxmmmumxvcwﬁmtnsvﬁ
v
Lkt atla ot

a - = . “a P , L » o 8 ...
e O3 o~ o WO B O wry N IS Wl e G Loy wd (5.5 - RN

|




) - . o W e - T 4 ~y - Ce o P
L R S A A A A B~ CR B ST S A

-
~

_ b bta

-.” O

.“ \

2 | 08

;: 09I
: Ov2
,.“ 028

’
% ....\..
5,
X » - - v e e ’ N - ) " e e . . - P TN N T ok 2k o v Lo
Teet MAEERIST TRy 3 PHRINRS, RPN G TN LA e o S SN g S g T A



“ate yte e YLD It g Al Yol LS AL AL AL AD MR ARG AR A SN Al AR AN NGRS SO AS AT e o hat et e oA et b il liad et L b P RO WY

R
- LS

(ps)

I
|
20
f
Fiag

0.25
020
OAN)
QIO [~
003~
O

(M0 °L

" "'{ ..... - R R R R Ty R N, AT A e
:k '-AI .Af Lo "' " - ’ ‘.L'..‘".'.A"_ M'A.A_.L ALL’L'&. A_"‘J(A.:.m'.:s_'u'n_‘.-'\_hg.n_‘ RN " A e N O A




el ary

-

A
N
Nl
N
L
L

Oov

L AT

& R

O¢

nes oo

9°b1g

(sd) ]
Oc

——

I : 00b-

O0% -

00cZ-

OO0I-

(ASW) Un ‘en

s

N L

@)
: :-;:;\.A o

S

N

W

—
-—
o
'

Sk DO e 5 3 oo R e 6y MR

ole] ]
VA

g

uh

o, \.‘\.! [ -A--H. n.f.f..-'.. M ' e ﬂn-. el .,.,.\.(1_ f-.ﬂv 2 T li«\ % * v ﬂ\lnﬂl.‘



XA

AL

“u

PR,
> -“.:’ 4"‘1‘2 P

»

ﬁ?&).ﬁ:

-

", o
LI e g 3 = v

N Ay
LI I,

-
\{ L i

AR S S Sl g AL

l 1
A N
N N

(¢.O1)

| l
© @
- O

21 /]

.- s -

A A N A TR R S e e

28

18

08

-02

logio (p)

Fig.7

O

" 'y N

At

P!

4

Pt

T

Nzt

o
.

-.‘-.

P

‘.IK.‘,
2’

AP

LA

W g

PP s
LS

L on e
r ot
Lt

s

e
‘e

N

éQQ MNay L

o

-f.‘f.. D

LAY,



3

o
0

9,072 80 10 Al At St S SO T Bt R0 AL it Sol 5. d Soh Sal St R 60 .0 a0 170 00 5%0. 04 20 0¥ 4%t a¥e Nt 00 LGN RS Ret Pt B Bt Rat B AT RV AL BAEA N e B T RO TN

ot

¥
L

»
"[_lk

H

r

XA

‘l IJ.A

1 [
1600 2050 2500

Fig.8
A

[
150
Te (K)

5.7

"" 2y

e

S

250 700

O

]
-

3%y Ty ) ™ e G N R R T T T T e e T L T A ) s s R ¥y S e ~ R I T T T L W
-m;ﬂ".-. Ny L?l. A.t‘.fl.f.-‘ﬁ.‘),'p. 'f&‘tl?&f&':ﬁ'tz:{ﬁ{hmw&‘{;ﬁhﬁ‘ &"Af.&'&ﬁmﬁh)&ktﬁ'hi}:ﬁ{;vd:3.‘:‘".& 5’.\{5’.&}.){3). )’_j’.:."_ﬂ

re

. _senor

-



AR

%

AR

,_
"

-?(SI.J;_ /h‘

e
LN

&

jo? Tt

SaljisuaQ Ja1ddD)

50

40

30

20

10,

I (Ps)

..........
-------
- .

-~

Fig.9

-«

Pl

ol

A




ot

e
ST %%

[ 4

fow

Observation of Ultrafast Lateral Expansion of Energetic

Carriers in An Asymmetric GaAs Quantum Well

Kai Shum, H. S. Chao, M. S. Junnarkar, and R. R. Al fano

Institute for Ultrafast Spectroscopy and Lasers
Departments of Electrical Engineering and Physics

The City College of New York, New York, New York, 10031

T. Hederson, and H. Morkoc

Coordinated Science Laboratory, University of [llionis at

Urbana-Champaign, Urbana, [1linois 61801

ABSTRACT

l.ateral expansion of energetic carriers excited by an intense 0.5-ps
laser pulse in a single asymmetric GaAs quantum well is investigated
at 4.3K using a streak cam.ra. On a picosecond time scale, it is
observed that the carriers expand from the excitation spot at an
ultrafast speed of ~ 10%m / s. A comparison, under identical condi-
tions, of the asymmeltric and symmetric quantum well results sheds
light on the mechanism that leads to such an extraordinary large car-

ricr expansion velocity.

PACS numbers: 66.30.Dn, 72.20. Jv., 73.40. Lq.
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Over several years, spatial expansion of photoexcited carriers in semiconductor
bulk and microstructures has been a subject of great interest. Based on the .photo-
luminescence (PL) data, Forchel et al.! have suggested that the fast ambipolar
diffusion of optically excited carriers in a wide varity of semiconductors (e.g., Si, Ge,
GaAs, CdS, and ZeSe) at a speed comparable to Fermi velocity is essential for the
understanding the broad line shape of the luminescence spectra. Later, Steranka and
Wolfe? pointed out that the fast-diffusing model’ overestimated carrier expansion
velocity by an order of magnitude on nanosecond time scale in indirect-gap Si due to
neglecting the local lattice heating effect. Subsequently, Tsen3 confirmed the results
of Steranka and Wolfe? on a picosecond time scale by time-resolved Raman scattering.
Using excite-probe technique, Majumder ez al.® found the carrier expansion velocity
was smaller than Fermi velocity in the direct-gap CdS and CdSe. In contrast, many
groups deduce from their experiments carrier expansion velocity v, 2107cm /s in
GaAs>® and (dSe.”® This value is roughly equal to the Fermi velocity of carriers and

2

exceeds group velocities of longitudinal and transverse acoustic phonons hy about
orders of magnitude, thus, supporting the fast-diffusing model of Forchel et atl in
these direct-gap polar materials. Theoretically, Wautelet and Van Vechten?
have inferred that hot carriers generated by nanosecond laser pulses will be
confined near the excitation spot; while a spatial expansion of photoexcited car-
riers is expected from both hydrodynamics'm and thermodiffusive!l points of
view. Recently, Steranka and Wolfe? have suggested that nonequilibrium
(NE) phonon effects!? (phonon wind) must be taken into account in a morc
realistic description of the dynamic carrier expansion process. The NE phonons

created in hot-carrier relaxation process provide a large driving force for car-

rier expansion.

In GaAs/AlGaAs system, the band-discontinuities at the interfaces of GaAs and

AlGaAs leads to the formation of two-dimensional electronic energy subbands in the
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GaAs region. Recent Raman-scattering studies by Sood et al.l3 provided evidence for ) \:t
ot
g the presence of interface phonon modes and confined longitudinal optical (LO) and )
R
transverse optical (TO) phonons in GaAs well layer. One would like to kown how ;: J
)
= 3y
ﬁ carrier confinement, modified phonon modes, and well shape influence the dynamic '\:
‘ v
‘! process expansion of photoexcited carriers in a quantum well structure. Most -
o~
recently, Tsen and Morkoc!4 have shown no influence of the effects of reduced dimen- "
yA ")
(E: sionality for carriers and phonons on photogencrated carrier expansion in ;:-"

GaAs/AlGaAs symmetric MQW structures using picosecond time-resolved Raman

28

scattering at a low carrier density of ~10'*cm =3, Their measured expansion velocity ":':‘.t'
:j of 8.6x10%m / s is consistent with the fast-diffusing model of Forchel ez al.! ::::
N i
In this letter, we report on the first real time investigation of ultrafast hot car- 't"x:
'E: rier expansion process associated with an ultrashort carrier depletion time of ~ }_E
2 10ps in an asymmetric GaAs quantum well at 4.3K using a 2-ps-resolution streak E,:CE
k“ camera system. By studies of time-resolved PL arising from the recombination of %
| - energetic electron and hole detected from a lateral displaced region ~ 300um away
= from the center of the excitation spot which is ~ 160um in diameter, it is observed
i that the hot carriers expand from the excitation spot at an ultrafast speed of ~
‘ 10%cm / s. Through a comparison of the symmetric and asymmetric quantum
.
i fﬁ well results under identical conditions, it is concluded that the observation of such a
L fast hot carrier expansion process is made possible only in the asymmetric well
with the higher energy barrier such as to prevent from carrier expansion in the well
. direction. Density and cooling of photogencrated carriers are independently deter-
mined by analysis of time-resolved PL from the excitation spot. We have demon-
-
.: strated that cooling of hot carricrs is severely slowed by the NE phonon heating eff ect
~ and the carrier density decays very rapidly within the first 30ps after the excitation
:: by 0.5ps laser pulse due to the NE phonon stimulated phonon replica.
:‘; In our experiments, an intense laser pulse of 0.5ps at 620nm was used to excite
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the electron-hole pair density of ~ 10"%m ™% The excitation source is from a
colliding-pulse passive-mode-locked dye laser amplified by a four-stage dye amplifier
pumped with a frequency doubled Nd: YAG laser operated at 20Hz. The undoped
GaAs/Al Ga,  As asymmetric and symmetric quantum wells investigated in this
work were grown by molecular-beam epitaxy on a (001)-oriented undoped GaAs sub-
strate. The asymmetric quantum well consists of layers from the front surface to
substrate 150;\ Aly 5Gag4As, 50:\ GaAs well, 20();& AlAs (asymmetric barrier), and
followed by lum Alj ;Ga,,As, and 0.2um GaAs buffer. The symmetric well struc-
ture used for the comparative studies consists of 50 periods of 55;\ GaAs and 10();\
Al ;Ga, SAs layers followed by a 1.2um GaAs buffer layer. The excellent quality of
the samples are confirmed by well resolved heavy-hole and light-hole excitonic struc-

tures in room temperature Pl spectra.

First, we discuss the measurements of the differences in the spatial widths of
time-integrated laser and PL. intensity profiles on the sample surtace. The hot PL
profiles (solid curves) detected within a spectral window of 35nm (90me\ ) centered
at 700nm (1.771eV) for the asymmetric and symmetric wells along with the profiles
(broken) of corresponding exciting laser at a fixed intensity are plotted in Fig.la and
Fig.1b, respectively. The gain of detecting system was adjusted such that the max-
imum intensities recorded for the PL and laser were roughly same. The insets show
the potential profiles of the asymmetric and symmetric wells. It is clear that the
half-width of PL profile for the asymmetric well is much broader than for the sym-
metric wells. This implies that the cnergetic carriers (about 3 1.O-phonon energics
above the subband edge) in the asymmetric well is much more mobile than in the

symmetric well.

By making use of the two electronic windows of the streak camera, time-
resolved PL intensitics of the asymmetric well, I, (t) and 1_,(t), from the excited

and unexcited regions, respectively, were measured. The subscripts wl and w2
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(ry=r>) stand for the two windows as being positioned in the Fig.l. The I, (1) and

&
&

I,.,{0) (thin solid curves) measured at 4.3K with ~ 2ps time resolution are displayed

A

< in Fig.2. The peak of the broken curve is the Rayleigh scattering light (620nm) from '}'-i;'
;"; the sample surface which defines the "zero” time for our analysis. The thick solid ‘g:'.,n
! curves are the theoretical fits which will be discussed below. As can be seen the rise -
of the lwl is time-: ~solution limited, while the rise of 1, is much slower than that E;" :
',:::f of the I.,. The slow rise time! of lon (7,2 2 100ps) is essential to suppoort that E.::
. ~
the luminescence detected from the laterally displaced w2 indeed arises from the frd

g
&

o, recombination of electron and hole whioh come from the wl. It eliminates one possi- ;:._:
i:;. ble artifact that may lead to anomalously strong luminescence detected from the w2, .EE:JE \
[F‘ Such a possibility arises from the lum layer of Al 3Ga, ,As which is next to the -:';-:

.:: AlAs barrier. This layer is also highly excited by the 620nm laser pulse. Possible EZE

Cat « 'Y

recombination radiation (although we did not detect tor the asymmetric well, neither EZ,,

Iy LW
E ' for the symmetric well) from /\l(u(}aoj!\s layer will excite carriers within the well. .‘N'é*

o This secondary excitation would not be Jimited to the originally excited region giving J‘

,.-j-'. rise secondary luminescence. Since the speed of light in GaAs is about 100um /ps, the E-

" luminescence intensity I\v2 would rise quite similarly with the le' This is contrary :-7'-

10 our experimental observation. ‘

Having known the expansion distance (294um ) from the center of the w1 to the '

l inner edge of the w2 and assuming the time it takes for carriers to expand from the ;

< T
~ w1 to w2 where they recombine is equal to the rise time of 1,, an up-limit of the if::::~
N

'{; expansion velocity v, is estimated to be about 2.94x10%m / s (294um / 100ps ). _':_:::_'

- The decay of the 1, is dependent upon a transient carrier distribution in the w :'Qj

8 A

lfli which determines the number of carriers in the given energy space as function of :\;

N
time. In order to obtain the carrier distribution (assumed to be Fermi-Dirac distribu- CE;

-, R

& tion), the time-resolved PL profiles detected in narrow (20meV) spectral regions -

:E which cover the whole emission band were measured from the region wl at 4.3K.
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We have introduced an expression16 using the carrier temperature [T, (¢ )] and the
quasi-Fermi-energy for electrons [u. (¢ )) as a set of parameters to consistently fit these
measured profiles. Three typical measured profiles as well as theoretically fitted
curves (thick solid) are plotted in Fig.3a. The subband edge luminescence is centered
~760nm. The cooling of hot carriers is substantially slowed down after ~ Sps due
to reabsorption of NIi phonons by the carriers.'® 1 The electron density n, (t) and
In [n, (z )] are plotted in Fig.3b. The salient feature of the plotted data is that the car-
ricr density decreases nonexponentially and very rapidly form 0 to 30ps. One can not
define a single lifetime to describe the carrier density decay. However, an effective
carrier depletion time [the time for n, to decrease by a factor of e ! from n. (t =0)]
can be deduced to be as short as 10ps. Such an extremely rapid carrier density
decrease can not be accounted for by an usual bimolecular recombination which is in
nanosecond time scale tor a bulk GaAs and about 350ps for a quantum well structure
with well thickness of ’”5()‘-0\.]9 But it can be explained consistently by the participa-
tion of NI phonons in the highly excited svstem. Since NE: phonons aie localizad both
in a wavevector space and in a real physical space (in the well plane) they will
hehave like coherent Bosons. The existence of the coherent Bosons will tend to
increase the nurmaber of the Bosons in the system with a rate proportiona! to the
present number of Bosons. This is a stimulated phonon emission process and can be
accomplished by a phonon replica, when an electron recombines with a hole, not only
a photon but also a phonon or more phonons will be emitted to join Boson system.
Such a NE phonon stimulated phonon replica has been reported previously by
Holoayak ot al.*® We have recently confirmed!® this novel process in the symmetric
wells by monitoring the phonon replica which is mainly radiated in the lateral x-y
plane in time domain as well as detailed polarization studies of integrated lumines-

cence spectra.

Using the determined carrier distribution, the solid curve as shown in Fig.2a is
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theoretically generated to fit the measured bt Good fitting indicates that the photo-

generated carrier system is not a purely diffusive system.

&

We now discuss possible origins for the observed anomalously large expansion

EAAS

velocity of the energetic carriers in the asymmetric quantum well but not in the

i symmetric quantum well
-
According to the thermodiffusive model,’!! a classical diffusion equation’ can be
-~
-
C:i employed to fit I“A,(t). Assuming the initial photogenerated carrier profile is a sym-
s metric bell-shaped function” the carricr density as function of time ¢ and distance r
- can be written as
| itten as
|
L “;:f 2
! _ w2 : e el
A n(r,t)=nee 7 (1+M)—”2e a?lalg2+4D" 1 (1)
o’
i
~ where D" is an e ffective diffusion constant for the energetic carriers in the given
o spectral region and time scale of ~20ps, n,, is the carrier density at the center of laser
®
spot, and a is a width-parameter for the initial carricr profile which i< dotermined to
vy
j be 120um. When eclectrons and holes move together in the lateral x-y plane of the
asymmetric quantum well, ie. ambipolar diffusion applics to the present case, the
.-
‘ luminescence detected from the w2 should be given by:
s; o,
- Iu-z(t)N_ﬁln'(f',l)d" . (2)
' Using the above expression to fit the measured 1 ,, two parameters of »° and 7.7
A" -
’ have been precisely determined to be 0.7x10°%m /s and 13ps, respectively.
s It should be investigated whether the determined values for 7 and 7.° ° can be
- interpreted from the thermodiffusive model.™'! Several aspects are discussed below:
\:,
v (1) The value of D" is four orders magnitude greater than the regular impurity
scattering limited diffusivity, The enhancement of D7 may arise from high carrier
tempcerature and the screening cffects® at high carricr density. However, the screen-
-
o*
,'.:: ing effects do not seem to be effective since the initial carrier cooling is very rupi(L”’
-
s
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(2) The decay rates of carriers which are located in the same energy space but in
the different spatial regions of the w1 and w2 are comparable reflecting the dominant
process for carrier density decay is not due to the carrier expansion out from the w1l
but due to the NE phonon stimulated phonon replica. It is further inferred that a
large number of the NE phonons emitted by hot electrons may exist in an area of at
least =~ 300um in diameter. These phonons which have momenta parallel to the x-y
plane relax to acoustic phonons of large momentum and then these acoustic phonons
may drive® the carriers outside the excited region. /A rough estimation seems support
this argument. let us take a value of 1078 dynes per pair2 for acoustic phonon-w ind
force, an excess energy of 140meV per clectron-hole pair, and an acceleration time of
13ps. Then, a value of 28x10%m / s for carrier expansion velocity is predicted by
phonon-wind model.>12

q

(3) From the determined D and 7; 2 the expansion velocity is calculated by

D’ S . e
v, = - = 23x10%m / s which is consistent 1o the thermodiffusive model !
7

and the estimated up-limit. In a two-dimensional electron system quasi-Fermi-energy
is proportional to carrier density. Therefore, the Fermi-velocity vy and hence v, is
proportional to the square root of the carrier density. Then, our observed
v. = 2~3x10%m / s at the high carrier density of ~ 10%m =% is consistent with the
measured v, = 8.6Xx10%m / s by Tsen and Morkoc'? at the low carrier density of ~
10'cm =3,

(4) Using the determined D and 7,2 an cffective "diffusion length”" is calcu-
lated to be 30um . According to this value, there would be no significant carriers in
the region of w2 which is ~ 300um away from the cxcitation center. But the total
detected photons from the w1l and w2 within the first 20ps after the excitation by
the laser pulse is comparable. This might be again interpreted by the phonon-wind
model? in which the concept of conventional diffusion length may not apply since

the collisions between carriers and phonons no longer limit how far carriers can be
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(5) Finally, it must be noted that the anomalously fast expansion is only

4

observed in the asymmetric well. This is very interesting because such a simple

\’i LN

modification of quantum well shape in comparison with the symmetric well makes a

A |
r

big difference on the dynamic carrier expansion process. Due to the asymmetric well

shape there are no transmission states (virtual states or unconfined states) above the

)

[

lower energy barrier unlike the svmmetric well case. This is an intrinsic property of

the asymmetric quantum well. The photogenerated carriers may be immediately

s

scattered by the higher energy barrier and obtain momenta from the interface which

»~ assists carriers to expand rapidly in x-y planc.
3
In summary, we have observed for the first time the ultrafast expansion of the
:’:“'. encrgetic carriers in the asymmetric quantum wetl. It is found that the unique well ‘}.\
i
. shape of the asymmetric quantum well is responsible for the observation of the :.::
fiad N

2

extraordinary large expansion velocity of the energetic carriers. However, no distine- ,.,
.- A
. . . : : AN
- tion has been made among various models 1o explain the observed ultrafast carrier AN
] NS
Y ) . , . ' T
expansion process. Both the rapid carrier density decay and the slow cooling of hot e
B4 (_,"-l
' carriers in the asymmetric and symmetric wells are attributed to the presence of the LB
o
‘\"-
- . . . . e
3 nonequilibrium phonons generated by the energy relaxation of photoexcited carriers. :..:_-.
-:" n-‘"\
.‘J ~ « ~ . . F -’\
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Fig.2Time-resolved photoluminescence of the asymmetric well at .3K from the spa-

B
I

tial region of the w1 (a) and w2 (b). The solid curves are the theoretical fits as

i

P
oy

discussed in the text.

P

fd S

e

Fig.3(a) Time-resolved photoluminescence from the asymmetric quantum well at

4.3K at various wavelengths. (b) The clectron density decay curves.
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Electron-hole recombination lifetimes in a quasi-zero-dimensional electron
system in CdS, Se,_,
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The recombination lifetimes for the radial and angular quantum number conserved 15-15 and
1P-1P transitions from three-dimensionally confined electrons in CdS, Se, _ , were measured
. by time-resolved photoluminescence (PL). The assignment of the observed transitions was
i supported by calculations of eigen energy levels and squared matrix element ratio for these
. transitions as well as well-resolved PL peaks anising from 15-18 and 1P-1P transitions.

.y Recently, carriers localized in semiconductor micro-

assignment of the observed S and P transitions was support-
structures have attracted much attention because of their

ed by calculations of eigen energy levels and squared matnx

novel optical properties for potential device applications.
Electrons localized in semiconductor crystailites of diame-
ters ranging from 30 to 800 A embedded in a transparent
insulating matrix are confined in three dimensions.' Such
quasi-zero-dimensional (quasi-OD) electron systems also
exist in bulk alloy semiconductors due to compositional fluc-
tuations.* Electronic motion in these systems no longer fol-
lows a well-defined energy momentum relation because the
Hamiltonian of the system does not commute with the mo-

element ratio for these transitions, as well as the observation
of optical transitions in steady-state PL.

The samples investigated were four optical glass filters
Corning 2-61, 2-59, 2-58, and 2-64. The value of x for each
sample was accurately obtained from chemical analysis.® A
second harmonic (530 nm) of a Nd-glass laser pulse of 8 ps
duration was used to excite the samples on the front surface.
The maximum optical energy incident onto the front surface
was about 40 uJ. The spot size was about 8 X 102 cm*. For

2 mentum operator due to potential discontinuity at the crys- steady-state PL experiments, an argon-ion laser, a Spex dou- ;
o tallite surface. The envelope wave functions in spherical co-  ble grating spectrometer, an S-20 photomultiplier, and a ~
ordinates [7,0,8] and eigen energies of conduction electrons lock-in amplifier were used. o

and valence holes localized in an infinite spherical well with-
in the effective mass approximation are given by sion energies at 4.2 K for sample 2-58 are shown in Figs.
InLm) = C,pjy (o r) Yom (6:8) (1) 1(a)-1(e). The left curve in Fig. 1(a) shows the Femporal
and profile of the exciting laser pulse which reflects the time reso-
E, =fy,/2m, ,a 2) lution of the detection system (10 ps). The dotted curves in

' _ . Fig. 1 are the double-exponential fits to the data with a value
| respectively, where the subscripts n, L, and m are effective of 12 ps for the rise time 7,. The decay times of these time-

The time-resolved PL profiles obtained at various emis-

RN

€ u a
L

" radial, angular, and magnetic quantum numbers, respective-  resolved luminescence profiles show only two distinct val-
‘ ly; the j and Y are the spherical Bessel and spherical Har-  yes. For emission energies ranging from 2.213 to 2.175 eV
monic functions, respectively; a is the radius of crystallite;  and from 2.1 to 1.967 eV the decay times are 29 and 100 ps, b
‘ - and m, , is the effective mass of electron or the isotropic hole respectively. f.~:.-
- mass.> The values of y,, for the lowest two states of either The decay time as function of emitted photon energy E f.\-f
"',rn conduction electron or valence hole 1S and 1P are 7 and  for four quasi-OD electron systems at 4.2 K is summarized in N
4.49, respectively. Sstands for L =0and P for L = 1. The  Fig. 2. For a comparison, the exciton lifetime versus exciton i
t allowed transitions which conserve angular and radial quan- energy in a quasi-OD system in a bulk CdS, s, Se, 4 alloy .._
K tum numbers are 1S-1S, 1P-1P, and higher transitions. The  compound studied by Kash er al.° is also included in this s
) physical picture of quasi-OD electron system described  figure. The most remarkable feature of interest in the data is -::':
.- above has been experimentally verified by several groups.'>  the appearance of two distinct energy regions in which the s
” Large and fast optical nonlinearities arising from photogen-  decay time is different by a factor of about 3.5 for the samples <
erated electron hole pairs have been reported in quasi-OD  2.64, 2-58 and the bulk CdS, s;Se,., While the other two o
electron systems.®’ samples do not show this feature because either 1P electron
L In this letter, we report on measurements of ultrashort  and hole were not excited or the luminescence from the 1P-
e recombination lifetimes of the radial and angular quantum 1P electron-hole recombination was not Jdetected. It is ex-
" number conserved 15-15 and 1P-1P transitions in quasi-0D pected that the decay time should be nearly invariable over
- electron systems in CdS, Se, _, at4.3 K usingastreakcam-  the energy range of emission if only the lowest confined state
o era detection system. The time-resolved photoluminescence 1S for electrons and holes is occupied. The wide spectral
(PL) detected at various emission energies allows ustoun-  range most likely reflects the crystallite size distribution and
ambiguously identify the 1S-1Sand 1P-1P transitions. The  the fluctuations in the value of x from crystallite to crystal-
7 recombination lifetime of 1P-1P transition was measured to  lite. When the two lowest states 15 and 1P are substantially
: be 3.5 times shorter than thei 15-1S transition. The ultrafast occupied and the recombination lifetimes associated with
decay of the 1P excitation may have practical importancefor  these two states are considerably different, a steplike change
;’.'n' the construction of ultrafast reversible optical switches. The  of decay time will be observed in two distinct energy regions.
R J
1639 Appl. Phys. Lett. 51 (22), 30 November 1967  0003-6951/87/481839-03$01.00 ©® 1987 American Institute of Physics 1839 o
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FIG. 1. Time-resolved PL profiles de-
tected at different energies (a)-(¢) for
the sample 2-58 at 4.2 K. The dotted
curves are the theoretical fit with 12 ps
for rise time and decay times are indi-
cated on the corresponding profiles.
The left curve of (a) is the temporal
response profile to the laser pulse used
to excite the samples.
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The exact lifetime ratio in the two energy regions depends on
the transition matrix elements. The above argument should
in principle explain what we observed. However, the energy
dependence of localized exciton lifetime in the bulk com-
pound CdS, 4, Se, 4, as displayed in Fig. 2(e) also exhibits a
steplike feature. The explanation given by Kash ef al.® was
based on the model suggested by Cohen and Sturge* where
the exciton migration goes from a site with higher energy
into another site with lower energy. This raises a question
whether the exciton migration mechanism can apply to the
present case. Since exciton migration must involve a trans-
port over a relatively large distance due to the nature of the
exciton-phonon interaction,* such migration may occur in
relatively large crystallites. This apparently may explain the
results observed in samples 2-58 and 2-64. In smailer crystal-
lites the migration does not occur in correspondence with
the samples 2-61. However, the exciton migration picture

150 g T 250 T T
(o)N°£~s| oo ese os ldN02-64
75— e*, —
o® L]
¢ . 125 * -
i s PR
(o] i 1 n 1 Il = P .
@ (bIN02-59 s) Pl
e r 1 o L | 1 1
y7s| .....o... ] 1.8 20 22
= 3000
E 8 e ! e e ! 1
o o . | S|, d ® {0 )BULK
[ ]
(c)No 2-58 (2000 -1
- ...... L - °
[ 2
- U] 1000 . —
[
o oo Sl Pl *
0 L1381 [ 0 1 ] ]
18 2.0 22 205 207 209 21 213

ENERGY (V)
FIG. 2. Lifetimes are plotted as function of emitted photon energy. The
sample temperature for (a), (b), (c), (d) is 4.2 K and for (e) is 2 K. The
arrows indicate the energy positions for the 1S-15 transition (§) and the
1P-1P transition (P).
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cannot explain the steplike energy dependence of lifetime as
well as the ratio with the value of about 3.5 because the depth
of a potential well caused by compositional fluctuations is
entirely random in nature. Furthermore, the exciton lifetime
would increase monotonically with a decrease of exciton en-
ergy.

A two-state (15,1P) model is introduced here which
consistently interprets all the results shown in Fig. 2 as well
as other results observed by Cohen and Sturge* and reported
by Kash ez al.? It is possible that the excitons are confined by
the potential wells in the bulk alloy compound which have
two lowest states designated by 1S and 1P. The exciton in
higher lying state 1P can be scattered to the lower lying state
1S by emission of phonons instead of migrating from site to
site.

In order to verify the two-state model. we have calculat-
ed the eigen energy levels of the quasi-OD electron systems
and the recombination lifetime ratio for 15-15 and 1P-1P
transitions. The confinement energy for the ground states
(E,s) isequal to E g + E ! for the quasi-OD electron sys-
tems, where £ <5 and E | are the lowest confinement ener-
gies for electrons and holes, respectively. These energies
were calculated from the bulk band gaps'® at 300 K and the
measured peak energies of the first derivative of room-tem-
perature reflectance (dR /dA) by subtraction. Using the
electron effective mass, the isotropic hole effective mass giv-
enin Ref. 4, and the measured E ¢, the effective diameter of
crystallite for each sample and eigen energies were calculat-
ed based on Eq. (2) and listed in Table I. The emitted photon
energies at 4.2 K for 15-15and 1P-1P transitions in Table |
were obtained by adding corresponding confinement ener-
gies to the values of bulk gap'’ at 4.2 K. These calculated
energy positions are located in Fig. 2 as arrows labeled by §
and P for clarity and are in reasonable good agreement with
the two-state model.

The radiative lifetime ratio for 15-1S and 1P-1P can be
predicted following the approach given by Casey and Pan-
ish."" The matrix element for a transition from localized
state in conduction band to the localized state in valence
band is M =M, M_,,, where M, is the average matrix ele-
ment for the Bloch states for bands in absence of new eigen
states due to the confinement and M_,, is the envelope part
of the matrix element which is M_,,, = (1L |1L ). Since the
1P state is a threefold degeneracy state with magnetic quan-
tum number of — 1, 0, and 1, the envelope matrix element
ratio of {M,,, |3, _,p to |M.,. |35 _ s can be readily calculat-
ed to be 5. When the 4 K recombination lifetimes are purely
radiative, then the ratio for r,5 /7, should be equal to 5. The
discrepancy between the predicted value of 5 and the experi-
mentally measured value of 3.5 for r,5/7,, arises from the
existence of nonradiative transitions. A simple rate equation
analysis helps to substantiate this statement. Suppose 1/
T =1/1, + /7, wherei =S P, 7,,, and 7,,,, are the
radiative and nonradiative recombination lifetimes for the
IS(P)-15(P) transition, respectively. The ratio is
Tis/Tip = (Tp/1,) (7 + 70,)/ (75 + 7o) ]. When 7,
~T,, and £7,,,7,,then7,5/7,, ~1; hence, there should be
only one lifetime. This is opposite to the experimental re-
sults. On the other hand, the ratio 7,5/7,, is about 3.5 when
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TABLE 1. Measured energy peak of first derivative of reflection at 300 K, bulk energy gaps at 4.2 and 300 K, the calculated confinement energes, emission
energies for 15-15 and 1P-1P transitions and effective diameters (d), the measured lifeimes for 1S-15 and 1P-1P transitions as well as thetr ratio are

displayed.
(300 K)
Energy 4K
peak (300 K) emission 4K
Sample for Bulk Confined energy energy* lifetime
CdS, Se, _, dR /dA  gap* (meV) (eV) (ps)
No. x d (eV) (V) E;, +E}, Es, E*, ET, 5, 1S-1S 1P-1P AFE® 15 P ry/r,
(A)
2-61 027 74 20120 1.7857 226 187 39 382 80 2156 2392 220 70 20¢ 35
2.59  0.121 80 1.9366 1.7333 203 168 35 k22 n 2078 2291 224 85 24¢ 3s
2-58  0.081 80 1.9245 1.7143 210 174 36 356 74 2.065 2.284 3 100 29 35
264 0168 102 1.8666 1.7429 124 103 21 211 43 2.004 2.134 c 210 60 35
Bulk 0530 250 1.9368 17 14 3 29 6 2090 2.108 2750 790 38
*From Ref. 10.

*Measured energy separation (meV) between S and P peaks at 300 K from Fig. 3(a).

“ Peaks are broad and unresolved.

4 The anticipated values assuming a same ratio 7,,/7,, for the samples 2-58 and 2-64.

nonradiative recombination lifetimes (r,, = r,,) are about
5 times larger than the radiative lifetime 7,, of the excited
state 1P for the assumption of 7p ~7,, and 7,5 ~7 ..

Steady-state PL studies at 4 and 300 K were performed
to substantiate our findings from the picosecond studies. In
Fig. 3(a), 300 K PL spectra of sample 2-61 at various excita-
tion levels (see figure caption) are plotted. The broken verti-
cal line indicates the peak position of dR /dA. As expected
the salient feature in the luminescence spectra is the appear-
ance of a two-peak structure separated by 220 meV on the
high-energy side of the broken vertical line. Based on the
two-state model we attribute these two peaks to the 15-1S
and 1 P-1P optical transitions® as indicated by S and Pin the
figure.

The 4 K PL spectrum of 2-61 excited by the 457.9-nm
line of the argon-ion laser is depicted in Fig. 3(b). As can be
seen from the spectrum, the position of the 15-15 peak shifts
to higher energy and its FWHM (58 meV) decreases by a

St (a)z-st () 2-61
o 4.3k
X 300K 150
A
i
P‘ 7 i
S, 330 630
2N
o v > 570 14
i _ !
500 600 700 460 560 660

WAVELENGTH {nm)

FIG. 3. (a) Photoluminescence spectra of sample 2-61 at various excitation
levels taken at room temperature using the 488 nm line of an argon-ion
laser. The excitation levels (intensity scale) were 2.5 (2) and 10 (10) times
higher for the broken curve and the dot-dashed curve than the solid curve,
respectively. The broken vertical line indicates the peak position of the first
derivative of reflectance at room temperature. S and P stand for the 15-15
and 1 P-1P transitions, respectively. (b) Photoluminescence spectra of 2-61
21 4.3 K. The inset shows that the 1S peak broadening is dominated by the
diameter fluctuation of microcrystallites. The solid dots are calculated by

assuming a Gaussian shape of the probability density function for the ran.
dom vanable d with a variance of 25 A%,

1841 Appl. Phys_ Lett., Val. 51, Na. 22, 30 Novembar 1987
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factor of 2 in comparison with room-temperature data. The
latterindicates that the broadening of the 15-1.S transition at
room temperature is not entirely dominated by the size fluc-
tuation. The inset of Fig. 3(b) shows a spectrum fit by as-
suming a Gaussian shape of the probability density function
for the random variable d. The fit gives a mean value of 74 A
for the effective diameter and a full width at half-maximum
of 15 A which characterizes the size fluctuation of.micro-
crystallites. The structure next to the main 1§ peak is from
the 1P~1P transition since its energy separation with the 1P
peak is about 210 meV.

We have also measured 4 and 300 K luminescence spec-
tra of 2-59, 2-58, and 2-64 samples. The two-peak structure
was observed for 2-59 at both 4 and 300 K. The peaks were
broader for 2-58 and 2-64 than for the other two samples and
the 1P structure was not clearly identified.

In summary, we have reported on the measurements of
recombination lifetimes of 15-15 and |P~1P transitions in
quasi-0D electron systems in CdS, Se, _,. The assignment
to these observed transitions is supported by calculations of
eigen energy levels and the corresponding squared matrix
element ratio as well as the direct observation of optical tran-
sitions between quantized energy levels 1S and 1P in the
conduction band and the valence band.

This work was supported by Air Force Office of Scien-
tific Research AFOSR-86-0031.
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L Subpicosecond time-resoived pnotcluminescence studies of a symmetric multiple quantum well structure and :A.‘P\
* an asymmetric quantum wWwell with a similar well thickness have revealed several important experimental .."&"A'\
results on the behavior of pnotoexcited carriers in these microstructures: (1) The energy relaxation process “"
. is substantially suppressea us Lo the existence of a large population of ncnequilibrium phonons after an - ’
‘ init:al rapid cooling. (2) Tne two different well structures <o not show any aifference in the energy IS
J rel:xalion process under tne zame oxperiTental ocongitions. {2) Tre photoexsited carrier density cdeduced \.. t
from exact and consistent fittings of the time-resolved pnotoluminescence profiles at various emitted pnoton Sy "l
.. energies decreases nonexocnentizlly and very rapidly within the first 20 ps after the end of a 0.5 ps pulse. %
“."_ An effective carrier depletion time is determined to be a3 snort is 10 ps in either well. A mecnanism which p i ALY
) leads to such short carrier depletion time is found to e associated with 'he nonequilibrium phonon enhanced \-',
i ) pnonon replica emissicn. Unlike conventional stimulated emission coravioT, L0ls mechanism 1s 2ven more
effective in exnausting zarriers frcom the system at higher Lemreratures, (4) The difference in potential Ay
‘:-_'". well profile corresponcs to a very iifferent behavicr cof carrier Iiffusion grecess in the lateral well plane. ;\_;.
{‘.:- The carrier diffusiosn i3 ennance: ir the well plane of the asvmmetriz well by restricting carrier diffusion ‘.\“.:
b in the growth cirecticn. Diffusivity 2 of the photoexcited carriers :n the asymmetri:z well has been directly .':.f_'
cetermined to be 15%m%/s av w3, whizh is about four criers of magnitude larger tnan the value in bulk -‘\-"._
- GaAS. !:\'(‘-_
-;;‘- Ll
e
v
Over the last few years, there nis bYeen a grcwing interest to uncerstand tne funcamental interactions of T p
= confired and free electrons and holes Wwith the phonons 1N bulk semiccndultor =nd its multiple guantum well Y
N structures. This wunderstanzirg is crucial fer the ogeraticn 2f ultranigh spee1 <evices based on the .‘.r.‘
* T principles of wultr3fast carrier gynamics. The slowing <f carrier N bulk semiconductors was ::.r“
attributed to the screening' of thne olectron-rhonon Lnter: itnooar 2 narriers by het- \"}
.- phonons.®s® The first compar:iccn® of tne mat-elontrcn 70TLINE rites in d m quantum well (MGQW) st
. structures and in the bulk Gads was achieved by time-resoclved measurements of optical abscrption and gain. '*
The cooling rates were approximately tne same for hulk and “Gw at a carrier cdensity of 2.5x18Y7 em™,  This Yarx
is expected from a simple theory® where the littice 1S *reiten as a heat bath for the Qquasi-equilibrium :-._-"
= carriers. Quasi-steady sState experiments have been cairried out by two groups®’ o investigate the '-': :
:-’ interaction of electrcns and holes with phcnons in modulation-doped Mlw structures. These experiments have \'_-'\‘
\': generated conflicting results regarding the presence of nonequilibrium phonons. The first measurements ::#:‘-H
i of time-resolved photoluminescence from modulation doped semconductor MOW with greater than 20 ps time \_’\'
resolution were reported by Ryan et 3l.% who fourna that the cooling of hot ~arriers was anomalously slow R
‘ after 40 ps. By reviewling these and cther previous wOr«s we noticed three important points: First, by .
_'_ studying the carrier dynamics in modulation-dope? ML{W structures wWhich are designed for high mobility :'.:'
W devices, one can obtain the energy 10ss rates of the photo-injected majority carriers by extracting the »\.-\
carrier temperature as a function of time f{rom the nisn eneriy tails of time-resolved pnotoluminescence ,."':-"-
- spectra. Due to a large extrinsic carrier density, at least comparable to the pnotoexcited carrier density, r\.-\
one cannot obtain information on photo-ingected carrier lifetimes. In these experiments the carrier lifetime \-:."\'
‘ is essentially clcse to the value in bulk which is about ! ns.® It is necessary to study photo-injected AN
car~ier dynamics in undoped MQW structures in order Lo odtain information on both the energy loss rates and e
carrier lifetimes. The latter 1s cruci.l for applizaticns in high speed ortoelectronic devices, Several ‘,!;-
'f: attempts have been made to reduce the 2arrier lifetime through nonradiative recombination processes,!'® LSS
A Second, one cannot extract information on the initial carrier relaxation process from both quasi-steady state ,\'.\
v experiments and time-resolved measurements with time resolution greater than 12 ps.  Study of the initial -.‘r\x
carrier relaxation process is crucial to substantiate the existence of nonequilibrium phonons and its Ly
e importance to the hot-carrier relaxation since the phonon lifetime s about 5-7 ps. Third, the rapid -:.'"
o expansion of photoexcited electron-hole plasma at high density in quantum well structures has not been [
::: experimentally investigated on a picosecond time scale, Only ar indirect measurement of the expansion of ™ o
electron-hole plasma in GaAs MQW structures at low carrier density has been reported where the drift
. velocity of the electrons was comparable to the Fermi-velocity, ind therefore, the transport of the \'-’\'-"
& photoexcited carriers in GaAs quantum wells was thermodiffusive,!! ‘:"‘\
f.:, In this paper, several experimental results are reported from the measurements of time-resolved :‘-:‘-:
photoluminescence with 2 ps,time resolution as well as the s5tucies of lattice temperature dependence, . .'\_.‘q
excitation dependence, and polarization of integrated luminescence spectra from an undoped GaAs symmetric vt -":
. Y
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MQW structure and an asymmetric quantum well. We have found: (1) The energy relaxation process is
substantially suppressed due to the existence of a large population of nonequilibrium phonons after an
initial rapid cooling. (2) The two different well structures <o not show any difference in the energy
relaxation process under the same experimental <onditions. (3) The photoexgited carrier <7ensity -v-racted
from fittings or time-resolved photoluminescence profiles at various emitted pnonon energies decreases non-
exponentially and very rapidly within the first 30 ps after the ~nd of a 0.5 ps laser pulse. An effective
carrier depletion time is determined to be as shc.t as 10 ps in either type of wells. A mechanism which
leads to such a short carrier depletion time is associated with nonequilitrium phonon ennanced ghonon-
replica-emission. Unlike the conventional stimulated emission process this mechanism is even more effective
in exhausting carriers from the system at higher temperatures. The bandgap renormalization in the
photoexcited region is not observed from integrated luminescence spectra as a consequence of ultrashort
carrier depletion time and hot carrier temperature. (4} There is no or little carrier diffusion in the
lateral well plane; of the symmetric wells except for the carriers azt the sutband edge, while In the
asymmetric well, the diffusion process is enhanced in tre lateral well plane by restricting carrier diffusion
in the growth direction. The diffusivity, D, of photcexzited carriers in the asymmetric weil has teen

determined to be 10%°tm?/s at U.2K, which is about fcur crcers of magnitude larger than corresponding value in
bulk Gahs.

Samples

The undoped GaAs/AlyGa,_yAs symmetric QW structure and the asymmetric guantum well investigated in this
Work were grown by molecular-beam epitaxy cn a (001)-oriented undoped CahAs substrate. The symmetric MQW
consists of 50 periocds of 55A thick CaAs and 1004 thick Alg 3Gae A3 layers followed by a 1.2 um buffer Cads
layer. The asymmetric quantum well consists of layers frcm the front surface to substrate 1503 Aly 3Gae, Wns,
S0A GCahs well, 200A AlAs (asymmetric barrier), followed by 1 um Alo ;Gae »As, and 0.2 um Gais buffer layer cn
Si-doped GaAs substrate. The lateral sizes are 2ximm, 2x6mm for the symmetric MQW structure and tne

asymmetric well, respectively., The samples were mounted cn a cold finger in a nelium cryostat.
Experimental

Aan ultrashort light pulse of 500 fs duration at 620 nm was used to excite the electron-nole pairs with a
carrier density of 10'%cm~™’. This light source was generated from a colliding-pulse passive'" mode-locked dye
laser and amplified by a four-stage dye amplifier pumpea with a frequency doudled Nd:YAG laser at 20 Hz.
The photoluminescence was spectrally filtered using various narrow banc filters, ana temporally dispersed by
a 2 ps time resolution Hamamatsu streak camera system. The luminescence intensities were corrected for
ronlinearity of tne streak rate, the spectral response, anc the transmission of each narrow band filter. The

time resolution for the present work is about 2 ps. The experimental apparatus used in this research has
been described in detail by Ho et al.'?

Schematic energy band diagrams are shown in Fig. 1 for a symmetric and an asymmetric quantum well. Using
a finite-depth square well model and material parameters given in Ref, 13 the subband energy rositions in the
wells were calculated. There are two subbands for electrons (e) and heavy-roles (hh) and only cne subband
for light-holes (1h). The good quality of the samples is confirmed by spectrally well resolved heavy-hole
and light-hole excitonic structures at room temperature. The FWHMs for the heavy-hole excitons are about 15
meV and 12.7 meV for the symmetric and asymmetric quantum wells, respectively.

The electron-hole pairs were generated by photo-excitation. These photogenerated carriers thermalize
within themselves via carrier-carrier interaction to reach a quasi-equilibrium state in less than 1 ps.
Simultaneously, three other processes take place. The first one is the loss of energy of the electron-hole
system through the electron-phonon interaction. The second process is the carrier qiffusion process due to
the gradient of carrier density between photoexcited and non-excited areas. The third process is
recombination of electron-hole pair through either nonradiative or radiative mechanisms. The work reported
here on the photoluminescence experiments uses the last process to probe the first two processes,.

Energy Relaxation

a) Steady State Luminescence

Time-integrated luminescence spectra of the symmetric MQW structure excited by the subpicosecond laser
pulse at various lattice temperatures (Ty) are shownin Fig. 2. These spectra were taken in the z(y,y)z
configuration. The conventional Raman notation (x,y,z are the crystal axes, and z is the growth direction) is
used. In order to eliminate radiation from the edges of the sample the luminescence spot was imaged on an

aperture with the aid of a streak camera and then focused onto a vertical slit of a grating spectrometer.
Several features are displayed in the data.

(1) The emission peak (A) on the high energy side of the spectra 1is from the reccmbination of
photogenerated n=! electrons and n=1 heavy-holes. This peak shifts towards the low energy side as Ty,
{ncreases. A high energy tail on the main peak (A) develops with the increase of Ty. For T{>150K, a

shoulder on the high energy side of the peak A arising from the recombination of n=! electrons and ne! light-~
holes can be identified.
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(2) A broad emission band (C) at the low energy side of the spectra arises from the 1.2 um GaAs buffer
layer. The total emission intensity decreases as T, increases.

L]
ﬁ (3) The most interesting feature of the data is the appearance of an emission hand (B) below the n=l
I electron to n=1 heavy-hole transition which is attributed to the emission from the nonequilibrium phonon
enhanced phonon replica.
;0 The following reasons support this assignment:
g
¥ (1) The B emission band does not appear in the steady-state photoluminescence spectra taken at low
power excitation of about 1W/cm? at 4.3K using a 488 nm 1line of an argon-ion laser. However, the
2 photoluminescence spectra using a weak train of laser pulses (- 200 fs) directly from the colliding-pulse
‘ passively mode-locked (CPM) dye laser oscillator as the excitation source, with an excitation power density
» in the range of 107%-107’W/cm?, show a weak electron-acceptor emission band separated by 17 meV frcm the n=1
electron-heavy-hole transition accompanied by its phonon-replica'* at low temperatures. This extrinsic
»" emission band disappeared completely when the sample temperature was raised to ~ 80K, whereas the 3 band in
)v:' Fig. 2 exists up to room temperature. Moreover, the relative time-integrated intensity ratio between B and A
& bands in Fig. 2 detected under amplified 0.5 ps light pulse excitation decreases as the excitation power
' density decreases and the B band is not visible when the excitation power density is lower than 10"Pm, where
Pn =~ 10*%W/cm? is the maximum value of the excitation power density. This contradicts what is generally
expected for an impurity emission. Since the concentration of acceptors is low in our sample as confirmed by
o the luminescence studies using the weak train of 200 fs light pulses, the impurity emission should be readily
o apparent and more pronounced at lower excitation. Therefore, the B emission band shown in Fig. 2 cannot be
attributed to electron to acceptor luminescence.
>
:-", (ii) The ratio of emission intensities of B and A emission bands increases as Ty, increases. The values
g of the ratio as a function of T, are shown in Fig. 3 as triangles. This behavior is remarkably different
from the conventional stimulated emission process in which phonons do not participate. As in semiconductor
e lasers, the stimulated emission is less effective when the sample is at room temperature. To convince us
:’(‘ that the emission band B is due to a phonon-assisted process, we calculated the sum of occupation numbers
;‘-"' for both equilibrium phonons (lattice temperature Ty) and noneguilibrium phonons (carrier temperature To) by
assuming the carrier temperature is the same as the effective temperature for the nonequilibrium phonons
after 30 ps (see later discussion on the carrier temperature). The calculated result is shown by the solid X
".'J line in Fig. 3. The fitting of the total phonon occupation number to the obtained intensity ratio from the J.\-'
‘a spectra is impressively good. This implies that the intensity of peak B is well correlated with the LO- e
phonon population. Because of participation of nonequilibrium phonons the intensitvy of the B band (see also _l
time-resolved luminescence at 780 nm in Fig. 4) is strongly enhanced especially at low temperatures. This ':-'_'\".
., further supports our assignment of the B band to the nonequilibrium phonon enhanced phonon replica. ~.
. Y
- (ii1) It is not possible to attribute the emission band B to the emission from the renormalized band-band S
transition because the peak positions of the A band (766.7nm) and B band as well as the energy separation ':—'f-'
A between them at U4.3K do not change with variation of the excitation intensity by a factor of 9x107™* (2ND3). "'-.-:-:
Y Further support to the above statement is the fact that the spectral position of peak-A exactly coincides
‘ with each other for two different luminescence studies using different light excitation sources; the one is ol
g the weak 200 fs-pulse train with a repetition rate of 114 MHz, while the other is the amplified 0.5 ps-pulse .": ‘:
with a 20Hz repetition rate. As the observed band edge transition energy does not change over a range of »'_ "
A photogenerated carrier densities (10'°-10'*/cm’®) the bandgap renormalization in this study must be excluded. ::-:":.
-J ..
S (iv) We have also measured the polarization of the emission bands A, B, and C by adopting a "right=- :7:'_)
angle"!'®!'® geometry for obtaining integrated luminescence spectra. It was found that the emission of band B \"-"('
detected along the y-direction (emitted at the sample edge) was strongly polarized in the x-direction, while ....
the A and C emission bands are depolarized independent of excitation power density and lattice temperature. LS
'N‘ The intensity ratio between the x- and z-polarization for the B band was about 20 and independent of lattice "\
- temperatures from 4.3 to 300K at full excitation power density Pp. But it is strongly dependent on the
excitation power density at a given lattice temperature. For example at Ty =100K, the B band cannot be
'(\ clearly identified from the A band and shows no difference between the two polarizations at the excitation
?.'\ power density 0.017 Pp (2ND13), while the ratio at full excitation Pm is 20. The polarization behavior of the
) B band {s consistent with the Raman scattering measurements reported by Zucker et al.!' where the initial
photons are provided by the external laser source. In our case, the initial photons are provided by the
- luminescence from the recombination of n=1 electrons and n=1 heavy-holes at the subband edges. This process
.',' is strongly enhanced by the presence of a large number of nonequilibrium phonons emitted by the hot-
“.-: electrons at high excitation. The polarization behavior of emission band C is expected since the emission is
from the 1.2um GaAs buffer layer. This, in fact, provides a good check of our system. However, the
polarization behavior of the emission band A is not understood in terms of the selection rules of dipole
'.* recombination described by Iwamnra et al.'!”’, where the emission intensity for x-polarization (TE polarization)
." should be at least four times larger than that for z-polarization (TM polarization) due to different density
= of states for heavy-holes and light-holes.
o There has been much debate!’'® on the interpretation of the spectral feature below the n=1 electron
.'; heavy-hole transition energy. This is because the energy levels for impurity states, longitudinal optical
v, phonon (LO)-phonon replica, and intrinsic bandgap-reduction due to many-body interactions roughly coincide
-
» -
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with each other. Holonyak and co-workers'® have demonstrated the LO-phonon participation in GaAs-AlCaAs \
based QW laser emission by the observation of more than one LO-phonon sideband of laser operation below the t_-:
v n=1 confined-particle transition. Alsc, the phonon replica of n=1 electron to heavy-hole emission has been \'-'.\
observed in the InGaAs based systems. The observaticn of the coupling at both the GaAs- and InAs-like bulk +
LO-phonon energies of InGaAs QW by Skolnick et al.?® nas confirmed that the peak below the n=1 electron-
heavy-hole transition is a phonon replica. Furthermore, it should be pointed out that our assignment for the ;..::‘ '
- B emission band is consistent with the time-resoclved pnotoluminescence data cescribed in the next section. "'h'r
5}, By
w b) Time-Resolved Luminescence

P
>

Time-resolved photoluminescence emitted from the symmetric MCW structure at 4.3K are shown in Fig., 4 for
various emitted photon energies. The emissiocn centered at 770 nm arises from the recombination of electrons
and heavy-holes near the respective first subband-edges. The emission with wavelengths less than 770 nm is

-

from the recombinations of hot carriers. The time-resolved luminescence intensity assigned to the phonon .'.h."‘
replica at 780 nm is shown in Fig. 4. Each luminescence profile was the average of 10 individual shots using -'.‘-:.
ro a prepulse?' for averaging. The left peak of the dotted curve is the gprepulse which reflects the 2 ps '5\.,-
r.: temporal resolution. The right peak on the same curve is the Rayleigh scattering light from the sample '-/':"-P
?‘_._ surface which defines the "zero" time for our analysis. Several features appear in the data displayed in Fig. :-'-;"'
4, (1) Although the risetime for all the luminescence profiles is instrumental, the 2 ps upper-limit _-"\-("

reflects the rapid thermalization and initial cooling. (ii) The shape of the rise-time of the luminescence

’ profile at 780 nm is similar to that at 770 nm, but delayed by 3 ps. This implies that the emission at 780 _‘
',f‘ nm does not originate from the same band as the emission at 770 nm; otherwise, the rise-time of the l."
‘ luminescence at 780 should start at the same zero point as that at 770 nm. The 3 ps delay is consistent o

Wwith our assignment of the emission band center at 720 nm to the phonon bdand. This time is jJjust the "
o effective time required to establish a large nonequilibrium hot phonon population. (iii) The luminescence \ :‘
:J' decay time of 30 ps (broken curve) for the phonon replica emission at 7&0 nm cannot te due to impurity “:
N emission at high excitation. aZA
- The decay times were obtained by fitting the data in Fig. 4 to the expression given by: ‘qs‘i
Fu A,
e T LS
o I(E,t)=L[1-e”" Trle 1 TC, (N N
A
where the parameters (Io,-rr ‘d) are the proportiocnal constant, the risetime, and the decay time, respectively. LSRN
- “o%
N o
s
ﬁ\ To study the energy relaxation process quantitatively, the carrier temperature as a function of time must -:_‘.i‘
be determined. There are many ways to obtain the time evolution of carrier temperature. One way is to ‘
analyze the high energy tail of time-rescolved spectra using a Maxwell-Boltzmann distribution.®™® Another way EA A
o is to measure the ratio of luminescence intensity profiles as a function of time at two energy positions ;f.}r
“. within the exponential energy tail by also assuming a Maxwell-Boltzmann distribution. The above two methods KTs
.f_- cannot extract information on the photogenerated carrier density. An expression in the time domain is .:'\
introduced to fit the experimental luminescence temporal profiles by using two adjustable parameters, -J\"»
namely, the carrier densities (ng, npp, nip) and the electron temperature (Tq). LPLYy
. vy
i Assuming the direct optical transition, the luminescence intensity is given by: g -
- _ )
t/t -
LEjtl=Cii-e ™ M[[Me-nn [*pe fe onn fn * [Me-1nl"pe fe o1n fnl ) N
-
'-: where pe pn 1h = Me hh 1h 1S the density of state for electrons, heavy-holes, and light-holes; Me~hn(1h) is
~, the matrix 'element 'for electron to hh(lh) transitions; Ci absorbs all the constant factors including the
corrections for detector response and the transmission of each narrow band filter used; 1 i3 the risetime of
luminescence and is set to be 1 ps (approximately the response time of the system) which is an upper-limit
( of thermalization time of the electron-hole system;
" - /
. fop = 1/(ef€170e,0) KTe | 4, (3)
’
“le is the Fermi-Dirac distribution for electrons in the conduction band (with subscript e) and for holes in the
'_;'. valence band (with subscript h). The quasi-Fermi energy of holes (up) is related to the quasi-Fermi energy
Py of electrons (ug) and the carrier temperature by the relation,
Ne=n +
-';-1 e*Nhh * Nih (%) oy
S
“ This value is given by: Pty
: U /KT 2
up = KTcln[edln(1+e™® 7 C)-1] (5) :;'.';
%] .__\’
¥ with -.."-',.
-.
a= —fMe
. Mhn * Min ® "'K-
‘.\- "J‘,‘ .
* »
Y An unique set of parameters of To(t) and u,(t) was used to consistently fit all the luminescence profiles .‘\J“\
g
"
N
':‘. . P
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::‘ detected at different photon energies Ej. Three typical calculated luminescence profiles are shown in Fig. & :\"\
by the thick solid curves. .‘\'.\.
’r "
In Fig. 5 the time-resolved photoluminescence profiles from the asymmetric quantum well are shown at '!I-‘
“ three typical energies. The emission centered at 760 nm arises from the recombinations of electrons and
heavy-holes near the respective first subband-edges. The theoretical solid curves in Fig. 5 were generated .'J“"‘
. using EQ.(2). The same set of values for Te and ue used tO it the data for the symmeiric quantum well were N
used to fit the luminescence orefiles of the asymmetric guantum well. The energy relaxation process is :-.,.\
g similar for both wells despite the different shape of the well. This is as expected! .:.:_\
! ra
The experimentally determinec values of T, as a function of time are plotted as tre sclid curve in Fig. 6. ':::: \
The shaded area reflects the extent of uncertainty in deducing the carrier temperature within the first 4 ps a2
. due to our limited time resclution. The plot of To vs t is interpreted as follows: carrier-carrier . u
, collisions quickly lead to a trermalized cdistribution at very high T, within ' ps due to a large number of Uiy,
excitec carriers.‘? The thermalization process of carriers can only be probed by femtosecond ",,"'
- spectroscopy. The initial cooling of the thermalized distribution is studied with our present time \-f':
) resolution of 2 ps, providing information about both the electron-phonon interaction and the carrier ‘.J_"._ )
S lifetime. The initial <ccoling wit'un tne first 5 ps is very fast (250K/ps) assuming a Fermi-Dirac \;'.
. distributicon for electrons. After “he initiil cooling, a large number of longitudinal optical phonons in o

¢ o~

firite wavevector space ars scoumul =g lue L3 tre finite cnonon lifetime.?' Tre phoncns emitted by the hot
electrons may be reabsoried Uy the a3 the reverse process of emission giving rise to a slower
conling for nhe hot-carriers, LZed nere tnat the rapic initial cooling rules out the
importance of significant

o O

=1

<8

stresr g L0 tne electrop-nnonon interaction in the present study. If the initial _'-‘\
SCresning was important, “he 1nit: 7€ 210w and 3 nonequiliSrium phonon populatisn would .‘\-:\
. not ce built up. Anctner importa Irn Fig, o is that the time constant - 30 ps for the Y o,
_3 3low compenent of trhe carriar I3 Lhe same 35 the Jeotuy time of the nonequilibrium \'_,
Ta ! pronon enhanced phincn repliza ' This 3uRgests that tne time reguired for the electron \,-"
anc tne nonegulliiriurm phonon Syshems %o Lurate witroe3tn otner 1s 4-5 ps. The system then decays with -
a single decay constant of 37 ps a3 a coupled hot electron-gnoncn system o
-~ P l
-:‘\ Tre experimentally determines guasi-Fermi-energies for eleoctrons and holes are plotted in Fig. 7. The .~'\'.‘»
Y. chanz»s of ugp and up are very rapid within the first 13 ps and the behavior of the degeneracy for electrons -'\_J‘
ang rfoles as a function of time are reversed, "u.”
*y :~:
-~ Usirg the experimentally <etermined distridutions for electrons and holes 1n terms of T.(t) and Ue,nft) il
‘ the energy loss rates for electrens and holes as function of To Or na can be obtained. The energy loss rate ;
(Fuonn) is 2efined as follows: ~.
.. 2
: X . -
- € £ (To,ua pnloide e
A<Era nn a I’° :_. '
) Penn = T " T (7 v
i : "
£ (Tguua ppeelde ’-:':
. Q ;\.'_-
b Ay
“_'-“ However, if the electron-hole system is treated as a Maxwell-Boltzmann gas, i.e., the electrons and holes .;-:.-‘
s have the same distribution function which is a Maxwell-Boltzmann distridbution, the energy loss rate for the ‘-\-
carriers (c=e,hh) is given by: W\
a
‘s~. P . dT (%) -._:,‘..
'.." ¢ K T 8 ‘:f-‘
e
. It should be pointed out that the energy loss rates for electrons and heavy-nholes obtained by Eq. (7) are '-':?
e the net loss rates. It includes the energy loss due to electron(hole)-phonon interactions and the energy :“’\.‘:
"_'., exchange between electrons and holes by carrier-carrier scattering. The hole-phoron scattering rates were -J,',‘-'.
e calculated® and measured® tc be 2.5 to 3 times larger than the rate for electrons due to the additional Tt
coupling through the deformation-potential. Therefore, an energy transfer process from electrons to holes ]
bt should be expected in our photogenerated carrier system. The experimentally determined energy 1oss rates :\T':_
o using Eq. {7) or Eq. (8) are shown in Fig. 8. The soli¢ and dotted curves were obtained from Eq. (7) for ,.\:..
- electrons and heavy-holes, respectively. The dot-dashed curve was obtained from Eg. (8). It should be \.-\
pointed out that the curves obtained from either Eq. (7) or Eq. (8) are the experimental data because the -"_-“l
o distribution f(Tc,ue,n) was experimentally determined. The broken line is calculated based on the simple "\’
- theory'* where lattice can be treated as a heat bath for quasi-equilidbrium carriers. This theoretical curve Sl
‘:.: does not agree with experimentally determined curves. The smaller Py and Pe is because of the presence of e
lignt-hole population and the different masses for electron and hh which lead to different behaviors of -
Quasi-Fermi energies for electrons and heavy holes as a function of time. ;L
-, “g
'~‘
‘7'- "\
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The salient features of the experimental data displayed in Fig. 8 are:

v

(i) The experimentally obtained energy loss rate for electrons is more than two orders smaller than
predicted by the simple theory® (broken line). The reasons for the differences arise from the reabsorption
of nonequilibrium phonons by electrons. As stated above, the energy loss rate determined for electrons by
scattering alone with LO-phonons via the wave-vector dependent Frohlich interaction may be even smaller than

our determination because the net energy loss rate determined from Egq. (7) is the sum of rates caused by
electron-phonon and electron-hole interactions.

s
T g
e

2
s

'J

(ii) The net energy loss rates for electrons and heavy-holes almost follow the rate obtained from Eqg. (8).
The reasons for this are the rapid decrease of u. as shown in Fig. (8) and the slow cooling of the carrier

temperature which results in ug/KT, < 0.5. This makes the electron-hole system behave more like a Boltzmann
gas.

e 2

{i1i) The energy loss rates increase as Te increase. The dot-dashed curve even bends over and approaches

P'.; the maximum value of 5.3x107° for bulk GaAs. This "tending" behavior reflects the initial rapid cooling of
;n not carriers and was also observed by Shah et al.? This may be the indication for the presence of
ce nonequilibrium phonons in the system.
In Fig. 9, we have plotted the average phonon emlssicn time for hot carriers defined by:°
Al ELg -Erg/KT,
Tayg = S © (9)
avg Pe
"- as a function of the carrier temperature. This is just another way to describe the energy relaxation
: process. As can be seen the Tavg is carrier temperature cdependent and therefore time dependent. For
B Te>1200K or t<5 ps the 15y¢ remains at a value of about 1 ps. As time t>5 ps (or To<12CCK) the Tavg
increases quickly with decrease of the carrier temperature. At To = 480K, Tavg is 10 ps. Ryan et al.
,Qc obtained a constant value of 7 ps for Tavg by studies of time-resolved photoluminescence of modulation

doped-MCW. The reason for the difference is simply because

their time resolution did not allow them to
monitcr the entire carrier cooling process.

Qur upper limit of G.9 ps for the initial carrier cooling agrees

with the theoretically predicted’ value of 0.16 ps within our resolution. As soon as a large
. nonequilibrium phonon popuiation i1s built up the carrier cooling is suppressed.
ﬁ We have extensively discussed tne energy relaxation process based on the experimentally determined
distribution function fa wlTa,Us pp,e).  In the same manner information about tre carrier lifetime can be also ;
obtained using determine'd fo he ' In Fig. 10 thzs carrier densities for electrons, heavy-holes, and light-ncles 7
-_‘, as a function of time are’ determined from the experimental data. The densities are obtained by the "
™ following expressions: S
" ."\\..'
."_‘.':'
3 "J"»
" fe (t) = e [ o de (10) k3
0 e
- :.;-'.
N
i
i, App(t) = bhn £ nd e an A
e 0 Yo
W
nplt) = Plnfhde (12)
- AE
l._
where AE {5 the energy separation between the hh- and lh-subtands at the zone center. The relation Ng = Npp
- + njp must be satisfied. The quantity of 1n [ne(t)] is also plotted in Fig. 12 as a broken curve.
:-. The salient feature of the data in Fig. 10 is that the carrier density decreases nonexponentially and very
rapidly within the first 30 ps after the end of & 0.5 ps pulse excitation. One cannot define a single carrier
lifetime due to the nonexponential nature of the density decay curves. However, an effective carrier
C: depletion time (time for the density o decrease by a factor of e”! from ng(t=0)) can be deduced to be as
:;- short as 10 ps. This decrease of carrier density occurring {n such a short time cannot be accounted for by
the usual bimolecular recombination, which {s a much slower process, on the nanosecond time scale in the
bulk GaAs and about 350 ps in quantum well structure with well thickness of - 5 nm.?® This short carrier
,\: depletion time is not caused by the rapid carrier diffusion which will be discussed in the diffusion section.
L]
34 Such a short carrier depletion time can be explained consistently by the participation of nonequilibrium
pronons. The nonequilibrium LO phonons in the quantum well system can play two essential roles. First,
. they substantially suppress the en rgy relaxation process of carriers due to reabsorption of these rhonons
\j by carriers. Second, since these phonons are localized in both waveve ~tor space and the real physical space
Y. (in the well plane) they will behave like coherent Bosons.

The existence of the coherent Bosons will tend to

-
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increase the number of the bosons in the system with a rate proportional to the present number of Bosons
causing a rapid carrier relaxation. This is a stimulated phonon emission process and can only be
accomplished by the phonon replica emission, i.e., when an electron in the conduction subband recombines with
a hole in the valence subband not only a photon but also a phonon or more phonons will be emitted to join
the Boson system. Since this is a stimulated process, it is very effective in exhausting carriers from the
system. Unlike the conventional stimulated emission in a semiconductor laser, this process is expected to be
even more effective at room temperature since equilibrium phonon occupation will also increase as lattice
temperature increases. We have confirmed the nonequilibrium phonon induced stimulated-phonon-emission by the
detailed polarization studies of integrated luminescence spectra discussed in the last section. By employing
the nonequilibrium-phonon model we are able to explain rot only the slow carrier cooling, but also the
ultrashort carrier depletion time in highly photoexcited undoped Quantum well structures.

Carrier Diffusion

Electron-hole plasma expansion at high photoexcitation power density in semiconductor bulk and qQquantum
well structures is a subject of great interest from both the points of view of theory and device application.
Various methods have been employed to study the dynamic process of carrier diffusion such as spatially and
spectrally time-resolved luminescence spectroscopy’®?’ and Raman scattering.''s?® Different mechanisms have
been suggested to explain the rapid carrier diffusion in bulk semiconductors. Rapid electron-hole diffusion
has been observed?’ in CdSe at 4K but not at room temperature. The absence of a larger number of thermal
phonons at low temperature made it possible to observe the rapid carrier diffusion process. Using a streak
camera, Junnarkar and Alfano?® were able to measure the difference of spatial profiles of the pump laser and
the photoluminescence at various excitation levels by which the diffusion velocity was estimated. Junnarkar
and Alfano®® obtained a diffusion velocity on the order of 10%m/s at high photoexcitation even at room
temperature. Such a large diffusion velocity was attributed to screening of polar electron-phonon
interactions and partially screened nonpolar electron-phonon interactions. High internal pressure of a very
dense electron-hole plasma has been proposed’ to account for the rapid expansion of plasma. The pioneering
work of Tsen and Morkoc'' using the time-resolved Raman scattering technique has shown no influence on
photogenerated carrier diffusion by carrier confinement, zone folding of phonon modes, and phonon confinement
in symmetric GaAs/AlGaAs MQW structure at low carrier density. In view of their works we should point out
that the well thickness of their MQW structure was so thick that any confinement effects would be smeared
out; and the carrier density deduced from Raman data was the total carrier density within whole energy
distribution. Therefore, they could not obtain the information about dynamic diffusion of carriers with
different kinetic energies. In the following subsection the results on dynamics of carrier diffusion
processes in the x-y plane (lateral) will be presented.

A schematic diagram of the photoluminescence image on the screen of the streak camera 1s depicted in Fig.
11 to show how we study dynamics of carrier diffusion. The area inside the filled-line circle is the laser
excited area. If there is no carrier diffusion photoluminescence should be restricted to inside this circle.
Suppose sufficient electrons and holes can diffuse far enough to the unexcited area where they can recombine
one should be able to detect the luminescence from the unexcited area (outside the filled-line circle).
Using the streak camera we were able to measure the laser spatial profile and luminescence profile at the
sample surface. Those spat.al intensity profiles were integrated over a time duration of ' ns. The width
(FWHM) of spatial profile should give information on the carrier diffusion length within 1 ns. However, this
information i{s not adequate to deduce accurate values of diffusion constant and diffusion velocity. To study
the dynamic diffusion process quantitatively we make use of two electronic windows to obdtain time-resolved

photoluminescence from the excited (Ig.) and unexcited (Ige) areas at the same time (and thus laser intensity
fluctuation was completely avoided).

The time-integrated laser and luminescence profiles at the surface of the 558 symmetric MQW structure are
plotted in Fig. 12. The dotted-curve is the laser profile. The inside and outside solid curves are the
luminescence profiles at 740 nm and 770 nm, respectively. The broken-curve is the luminescence profile at
830 nm, which comes from the 1.2 um buffer layer. The gain of the detecting system was adjusted such that
the maximum intensity recorded was roughly the same. The widths of luminescence profiles above the subband
edge (760-700 nm) are exactly the same as the width of the laser profile (dotted-line) reflecting no or
little Qdiffusion for high energy carriers within our spatial resolution. The width of the luminescence
profile at the subband edge (770 nm) is about 2 times wider than the width of the laser profile. This energy
dependence of the carrier diffusion process is not usually expected because a larger kinetic energy is
associated with larger carrier velccitles, However, the nonequilibrium phonons in the system during the
first 30 ps after the laser excitation may inhibit carrier diffusion, especially for the carriers with high
energy. The extent of carrier diffusion at the subband edge Seems to be consistent with the results given by
Tsen and Morkoc.'' The diffusion velocity determined by them'' is 8.6x10%m/s. According to this value the
carriers will travel about 100 um within 1 ns which will broaden the width of luminescence profile from 200
um to about 400 um. This agrees with the measured lateral width of the luminescence profile at 770 nm in
Fig. 12, It should be pointed out that the initial carrier density in our experiment was about 100 times
larger than in their experiment. Due to the short carrier depletion time (10 ps) in our case, the average
carrier density within 1 ns would be similar in both cases.

The time-integrated laser and luminescence profiles at the surface of the asymmetric quantum well are
Plotted in Fig. 13. The innermost solid curve and dotted curve are the laser profile and the Gaussian-line-
fit of the laser profile, respectively. The center wavelengths of the luminescence are indicated on the

’
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curves. Tnhe key differences of the spatial luminescence intensity profiles of the asymmetric well from that
of the symmetric wells are: the widths of luminescence profiles are much wider than the width of the laser

profile; and the width of the luminescence profiles do not depend much on the wavelength of luminescence.
The possible mechanisms are given below.

In Fig. 14, we have plotted the time-resolved photoluminescence from Ige and Ig, measured at 4K with 2 ps
time resolution for asymmetric well. Based on the fact that the width of the spatial luminescence profile
does not depend on the photon energy detected within our spatial resclution, we placed a wide-band filter
centered at 700 nm in the luminescence path to increase the strength of the luminescence intensity. The
broken curve is the Rayleigh scattering light from the sample surface. As can be seen, the risetime of the
Isc is time-resolution limited, while the rise of I5o is much slower than that of Ig, and 2lso well resolved.
The fast decay of Ig, has been discussed in the energy relaxation section. It should be emphasized here that
using the same set of experimentally determined T.(t) and ug(t) we have determined the carrier depletion time
is 10 ps. The only choice for theoretical fittings to Ige is the use of stancare classical diffusion equation
to calculate the carrier density as a function of time t and distance r, The exact vzlues of separation
tetween the two windows and the widths of the windows are given in Fig. 11. This method should be adeguate
as long as electrons act more like particles rather than waves.

The diffusion equation is given by:

2

én(r,t) _ _ nlr,b) n Sn(r;t) (13)

St 1 ir
where 1 is the carrier lifetime, and D is the diffusion constant of carriers. Trne 1nitial conditicn for

carrier density is assumed?’ to be the same as the laser profile which is:

-iloz? T (14)

~ orR2 —

nir,t=0) = n,e Re 3t

where n, is the carrier density at the center of tne laser spot a%t t=C, nd 3 1s 127 um 2otaineg by fitting
the laser profile to Eq. (14). The solution of the secocnd order cifferential Eq. (13) with the given initial
conditicn Eq. (14) is given by:?’

- 16lcg 2 Drl=i/2 = r?/(a?/ +4log 2 + 40
nir,t) = ne (/T[] . _ﬁa‘_] e a g 2 ot)

(15)

Assuming ambipolar diffusion, i.e. electrons and holes have tne same Ziffus. Hn veloo:ities,

2
Ise ‘ rnodr,uier (16)
r

Using Eq. (16) the parameters of D and 1t have been cCetermined %o be |

S/s and 'S ps, resgectively.

The results are very surprising in two resgects, First, tne value fcr U {s more than four orders of
magnitude greater than the conventicnal diffusivity. Tre Ziffusion velocity v = v(0/1) = 3..x10%m/s is four
times larger than the initial Fermi-velonity. It should te poinmteg oul “Rit the values for D and 1t deduced
from the time-resolved luminescence profile (g, with trne thadretical expression £3. (16) are consistent with
time~-integrated spatial luminescence profile, Second, the carrier lifetime av +<JS ps deduced from the
diffusion Eq. (13) is the same as the carrier depletion %ime determined from the time-resc.ved luminescence
data shown in Fig. 4. This demonstrates that our analysis is self-consistent. Using tre determined
n(r,t) we can show the contribution of the second term in tha rignt-side of diffus.on £q. (13) in losing the
carrier at a given position r is always smaller tran tre first term and thus *he ultrashort carrier cepletion
time cannot be attributed to the carrier diffusion tut to the ncnequilidbrium phoncn ennanced phonon replica
emission.

Several possible origins of tne extraordinary rapid carrier diffusion in the x=y plane 2f the asymmetric
quantum well can be given at this stage. (1) Tre internal pressure™ of high electron-hoie pairs may be
extremely large when the density is well above the eolectron-hole liguid density. (2) There are a large
number of the coherent nonequilibrium phonons emitted by hot electrons in the system. These phonons have
momenta parallel to tne x-y plane and may also drive the carriers ocutside the excited region by adding the
phonon momenta to the carriers. (3) Due to the asymmetric potentiil well profile there are no transmission
states (virtual states or unconfined states) above the energy barriers unlike the symmetric well case. This
{s the intrinsic property of asymmetric quantum wells. The photogenerated carriers may be {mmediately
scattered by the higher energy barrier and obtain the momentum from the interface which assists carriers to
expand in the x-y plane. Due to a large Kkinetic energy of =~300 meV, the photogenerated carriers acquire a
la-ge initial diffusion velocity. The origins (1) and (2) seem to be inconsistent with the symmetric well
case. However, whether the mechanism described in (3) is responsible for the observed rapid diffusion is
still an open question worthy of further study.
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Conclusion f ,
- L] ~
In this paper extensive data have been presented on time-resolved photoluminescence stucies as well as "
other related investigations of a symmetric MQW structure and an asymmetric guantum well with similar well
thickness. With 2 ps time resolution we were able to study the initial energy relaxation and carrier -s
diffusion processes simultaneously under the same conditions. t”
my !
Y The existence of a large population of nonequilibrium phonons in highly excited se~niconductor quantum well ) '
3 structures is experimentally verified. Its effect on the energy relaxation is to slcw down the cooling rate ‘\ !
after an initial rapid cooling (0-5 ps). The symmetric and asymmetric potential well profiles do not show :5
any difference in the energy relaxation process under the same conditions. .'-
! A new mechanism to explain the ultrashort carrier depletion time deduced from the consistent fitting of

time-resolved photoluminescence profiles at various emitted photon energies, 1s propcsed to be nonequilibrium
phonon enhanced phonon replica emission rather tnan other nonradiative processes sucn as Auger recombination,

el carrier diffusion, and the conventional radiative stimulated emission.
A
i"‘ The differences in carrier ciffusion for two different potential well shapes are remarkable. For the
first time we have observed the ultrafast carrier diffusion in the x-y plane of the asymmetiric quantum well,
while there is little or no carrier diffusion except for carriers at the subband edge in the x-y plane of the
! symmetric quantum well under similar experimental conditions.
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Fig. 1 The schematic potential profiles of a
symmetric and an asymmetric quantum wells. The
excitation photons are absorbed in both of the
barriers and the wells for symmetric wells,
while for the asymmetric well the absorbtion
occurs in one of the barriers and the well
The photoluminescence originates from the
recombination of n=1 electrons and n=1 heavy-
hole as well as light-hole.

Figures
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740 762 784 806 828

WAVELENGTH (nm)

Fig. 2 The time-integrated luminescence spectra
at varfous lattice temperatures. The peaks A,
B, and C are explained in the text.
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Corfinement Effects on the Scattering of Elecztrons by Polar Optical

Phonons in Semiconductor Quantum wells
Kai Shum and R. R. Alfano
Department <f Electrical Engineering, IUSL, The City College ~f lew

New Y2rx, New York 10031

Abstract

The non-commutation relationship between the Hamiltonian »f the system and the electron momentum
operater in the confinement c-direct1on was taken int” aceount using rindsm variadles in the calculation of
electron scattering by polar 2ptical phonons in quantum wells. The riate at the 2nset 2f phonon emission is
found to be 3 times smaller tnan praviously reported. Furthermore, this rate beccmes n increzsing function
2f fnitial electron energy instead 27 a decreasing function,

It is important ©0 take int? 3account the effect of ele <
optical phoncns  (PCP) in quasi-tweo-dimensiznal (Q2D) Aquintum wells.,!'”™* Th
TON System 3nd TRe 2pertar k. or the electron momentum in zZ-rirection 4o not
ecause 77 tne potentiil profiie experienced by electrons in the eonfinoment r

ctreon conlirement 2n the s
>

A8}
Q
]
w
-
[B]
3
—
=3
N

]

5
bt
"3

v

[»)
.
-
<)
3

The usual conservation law 2f momentum in

must be modified 1n tne sen K “ ire nn longer deterministic observatle variatles but are
ranfcm var.ables [r.ov.o. . ~{ tne fntnnn , Xy Ang k's oare tna2 elactron
wave vectors teln ‘. The startist r.v. s chariactericed by its
rrobatility censit ? anag " essentially adoptea a "non-
momentum-=selecnioy 2non emission an 2rplion rates. They
Lrear G. A4S 3 regu H congervation” in o2-
Mrectitn, he used

{unctizn in the reprosantit:
analysis. This arprnicn s not valia

approx:imati2n oand {or oa "finne
Hamiltenian of tne o

The thesis of this paper i3 U2 present a
structures placing empnasis -n confinement c
3

between the Hamilt7nian ~perator H and the pladtran marmanggns

T cperat o ~. we shrw now P
canservation® in z-Mrection s exiactly treated gsing ~oitner the "nan-momentumesalectinn
"momentum C2nservaticn  approximation but by consiger.ng , 15 1 variable, A key
distinguisnes this worx fram tne grevitus wor«<s'™™ ;s thar,h:he rate T the onget 2f p .
reduced by a factor of 3.

There are two amportant aspects °f tne non-otmmutition relitinshic gilven by Ea. (M),
corresponding observables cannot bDe nmeasurea simultanesusly with asrbitrary a

<
quantum root-mean-sguare deviatian must rot e less rtnan trme nalf o of trne guan
av(z)

2peratcr 1 ———
correlatign with the corresponding electron momentuT in thls ol
operatar k, cannct procisely be determined du2 2 the electron ¢
considered as a rand? r
~
{

o A B
@xpectation vilue 2

ma. variable {r.v.). When 4an elactron 13 restricted in the
THong) i3 Zers resulting i .

H and root-mean-square deviation {or kz can
calculiating the electrcon-POP scattering rate.

Those twn ol

T

“manalain of the owe
sl

€
s

In 2ur analysis, the unscreened electr2n-PCP interaction, oguiliirium bulk
depth s3quare well with the lowest subband ~ccupied are assumed.

Within the framework of the effective-rmass-ippr2acn, the wave functi~n for
representation is then given by

eikr

v A

[k >

#(z),
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where

#(z)= (%)

m
2
o
3

rw:

Y]

is the wave function in z-direction describing the bound state. The vectors r=(x,y) and k=(kx,ky) denote the

two dimensional electron position and the wavevectOr parallel to the interfaces, respectively. The
corresponding electron energy can be expressed as
hk? ,
E= >m *Eg, {s)
where
h2“2
EZ‘2mL22- (63

Here m is the isotropic electron effective mass, L, is the well width and A is the layer area.

The probability acnsity function for the r.v. k, can be obtained from the wave function given by Eqg. (4) by
a representation change to the wavevector space using

1 ~ix,z

¢lk;)= olzle

dz. (7

21 J-o
This yields

UL, cos?(k.L, 2)

plkz) = |olkz)|* - ST (8)

Since there exists a "fuzzy momentum conservation law"? in z-direction given by Eq. (2), the protability
density function for the r.v. Qz, plqz), can be obtained from the convolution expression:

p(Gy) = plakg) * p( k). (9)

The electron scattering rate (wy ) per unit area in k-space in Q2D structures

can te expressed in Born
approximation by Fermi's golden rule oy:

Wtk = E%é%%’ [k [P8E = B - 0wl (10)
where
-c(ngr1)1/?
Mo = ——g S _k,gFlaz,lz) (QRY
with

n
c =~ il € w°.l)|/z

eVg

S

(1)

is the matrix element for the Frohlich electron-POP jnteraction. For simplicity we have only considered

phonon emission process. Q and Vg den2te the three dimensional phonon wavevector (g,qz) and the sample
volume, respectively. The 6 is a modified Kronecker function defined as

Sa-p = (1 if a=p

{0 if a=b 13)
oo f.uotinn F oin Eq. (11) is the form factor in z-direction which is defined as:
LZ
F(QZ.LZ) - iL i
L, e~t92% gqp? %3 dz. (14)
2

2

-4te mere {3 to realize that the matrix element Mk'k is the function of a r.v. Qz.
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Therefore, the wytx also becomes a r.v.. Tre most likely value of the wy+'y that can te experimentally Yot
measured is given by its expected value using the statistics associated with the r.v. qz. This is,

L ]
¥

"
[
o

(=

Witk = plagdwiri (Qz)daz. (15)

ey

The total emission rate is then given by :

Wit = J ;k'K dq =/ IQED‘(Q,'./L>€(EK-EKI'1’1 wo)\‘:kl_koq 34d¢4 8 (16) -*

where

IQZD(Q.'Z) =

1=

0 g(x,ylayadx, amn -
IS -

L5

and 6 denstes the angle between the k and q. The facter 1, is defined as:

$ |
';;Q

N {np *1)'3‘2" P .

~ I, - o (18) AN
N

2ne AN

o

~ g
The function g(x,y) is given by: N

i o
. sinz(xz—z) ,,!'_i

"r._ S(X,)’ = 0.1 2‘:sz ( (19) - _‘-’
q 1-(xz / 2m)?*¥(xz [/ 2)* A
< _’J
- ccszJ:(x*y)z /2]cosz(yz /2) N
¢ ‘u:’:‘nﬁ

S - 2 4
e [1-Gceprees /"]2[1-)"22 / ) e
e J
with z=qlL,, which includes 1/ Q* from Frohlich electron-POP interaction Hamiltonian, the form factor in z- ‘.

.y direction and the probability density function p(qz) for r.v. qz. All the wave vector are normalized by :-:{:‘_

—_ e

:j /2m w, ':'F:'-
o Qox———— = L,™% which is about 1 / 40R for Gahs.® iy
n A

"N

The integral 1Q2D given by Eq. (17) for Q2D structures represents the electrcn-POP interaction strength as o

function of q. It contains all the information abosut confinement effects as well as size effects" on the

o

scattering rates. In order to further understand how electron confinement makes the difference in the A
electron scattering rate between Q2D structures and its bulk counterpart, a plot of the electron-POP "'.:\"-_
- interaction strength I D versus q for 3D electron system is needed in such a form that can be compared with ‘:-_"
Qe 12D, It can be shown that 'g.::
o St
L Tl
3D Io I, e
5P%(q) = = * (20) o

q ’[,kz(')z q’*AkZ(')"

where Akz(‘)=(k27k'z). The first and second terms on the right side of Eq. (20) represent the scattering

rocesses without and with change <f initial directicn of electron momentum, respectively. Since Akz(’) in
q. (20) depends on both the magnitudes as well as the scattering angle &, 9ne cannot find an explicit

&, expression for for Akz( ) in terms of g and 8 unless a variational parameter for the electron kinetic energy
A ratio (r= K* / k;?) between the total kinetic energy and the energy due to the z-direction motisn is
»
- introduced.
~ Using the momentum and the energy conservation laws {or the 3D scattering pro2cess, the Akz(’) can be
- expressed as

- (a*e)v /{q*+g)*-gaqicos e
o sk () p— (21)
- 2qcos by r=1
.bn‘

hw 1
where 0s6sarccos ‘/Ek_" and g.r--r: with 1 < r < =, The value of r=3 implies that the kinetic electron

fa o
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energy is equally distributed in all directions, while r<3 more electrcn kinetic energy is in the z-direction.
The 2D electron motion in x-y plane corresponds to the case when r approaches infinite.

We now present the numerical results in the fcllowing sections.

The two solid curves in Fig. 1 show the probability density profiles for the r.v. g, <btained from Eq. (9)
fer well width L, = 2L, and 5L,. The larger well widtn Lo, the smaller is the variance of the cdensity curve
resulting in the less fuzzy momentum conservation in z-direction. The magnitudes of F(qz,L;) versus q, for
L, = 2L, and 5L, are also displayed in Fig. 1 as two dotted curves. The two features from the plots should
be noticed. First, in the 1limit q,-0, |F(qz.LZ)| approiches unity independent of L, reflecting a scattering
event with an exact momentum conservation in z-direction. This is als? the most favorable process aceording
to the density curve for gz. Second, for very thick well the |F(g,,L.)| can be written as 8. _k',_g, ®hich
implies the momentum conservation law f2or any scattering event and p(q-) approaches a $§-functisn for the
bulk situation. The fact that not every scattering event fallows the exact momentum conservation law in z-
directron is due to the electr2n confinement. This procuces the weakening of electron-POP interaction in Q2D
structures.

The solid curves in Fig. 2 show the integral 192D as runction of the parallel component of phonon wave
vector q with L, as a parameter. Curves 1, 2, 3, and 4 are pl!otted in Fig. 2 for the value »f L, of C.S5Le
Loy 3Lo and 5L, respectively. Our calculation procedure using the probability density functinsn p{q,) for r.v.
q; yields a significant reduction by a factor 2 on the value o the integral 18<D oorainea by Leburten® in the
range from 0.1 to 4 for q. In spite of this key difference other features of our integral I=2D ape very
similar to what Leburton has shown.® Namely, the integral 192D s a monotonic decreasing function of ¢ for
Q2D electron system and weakly dependent on L,. This sinmilarity occurs just because the profile of
probability density Tunction for q, happens to have similar shape as IF(qz,Lz)|‘

The interaction strengths 13D for 3D system with various values 2f 6 and r are also displayed in Fig. 2 by
the dotted curves 5 to 8. The values of r for curves 5, 5, and 8 are 10, 3, and 1.2, respectively. The
value of 6 for those three curves is set to be zero. Tre curve 7 with r=).2 and &=n/6 is used to see the
variation of I3D(q) by the change of the scattering ang.e 3 A comparison of the rdotted curves 5 to 3 for 3D
with the solid curves {or Q2D provides the physical insignt into electron confinement in guantum wells. The
following three points are discussea: first, the value =7 I30 jncreases with increase of the value of r. It
indicates that the electron-POP interaction strength for given value 2f 3 in the system with r>3 is stronger
than the system with r<3, The reason for this is the:weaxness of electron motion in z-direction resulting in
small amount of change of the electron momentum 8k,' /. It should be emphasized that the value ~f 1390 av g
as L,+0 do not approach the value ¢f 13D with r+= which corresponds o tne oD case.  In other words, as far
as the electron scattering process is concerned the (I gquantum well structure with L;+0 is not equivalent
to a 2D system due to the potential barriers which confine electrons :insice the well. The values of I3D and
1R2D are close to each other for the value ~f the ratis » Zetvwesn 1.2 %2 1.5, This implies the origin of the
difference in electron scattering between Q2D and 3D systems comes {rom the fact that the electron kinetic
energy is not equally distributed in all directions arising from electrons in the well 2btain extra kinetic
energy in z-direction from the potential barriers. These are important [indings which were overlooked in
previous works.!”*

Second, the larger scattering angle 6 yields a larger value of 130, For g, i,
processes in which electrons change their initial momentum direction, the value »f 130
of 8 and can be distinguished from various values <f r by the secona tarm of the right
The value of 1Q2D js independent = 6 and insensitive t2 the Ly f2r ¢St giving rise t2
of total electron scattering rates. It also appears that the value of 192D ror o1 s
than for q<?1.

e., f2r the scattering
ig 3lmost independent
hand side ~f Eq. (20).
a weak L, dependence
more sensitive to Ly

Third, a dent occurs in each dotted curve which rtectmes smaller when r increases.
dent moves towards the smaller g when r decreases. It should te noticed that the dent
solid curves for Q2D structures. This is because the non-commutatian relationship givon ty Eq. (1) empl-oyed
for Q2D systems which gives rise to the momentum change in the z-direction does not correlate to the
momentum change in the directicon parallel to the gquantum well interfaces.

Tre positicn 2f the
ites not appear in

The total normalized phonon emission rate (Nk-k/wa in 32D quantum wells versus normalized energy Ey /huw,
is displayed in Fig. 3 by two solid curves. The normalization factor W, is given by Wo=drle/h?qs®.  For Gahs
Wo=1.24 ps~'. For comparison, the calculated results for Q2D by Leburton® (dash curves) and for 3D (dotted
curves) are also plotted in Fig. 3. The results of cur approach clearly differ from the others'™ {n two
aspects. First, the Q2D phonon emission rates for various L, are 3 times smaller at the onset of phonon
emission (Ey/hwe=1) than previously obtained.'™™ Second, the phonon emission rate 1s a slowly increasing
function of initial electron energy instead of being a decreasing function. The non-zero value of the phonon
emission rate for Ey=hw, stems from the nature of Q2D density of states. For thick quantum wells (L,>SL,)
the phonon emission rate is about a factor o7 2 smaller than the 3D rate f{or Ex/hwe>2 resulting from the
weakening of the electron-POP interaction in the z-direction for Q2D case and neglecting higher intra-subband
and inter-subband contributions. The Q2D emission rate will approich the 3D result when Ly+= {f all the
contributions mentioned above are included. The phonon emission rate is comparable to the 3D rate for very
thin quantum wells arising from the competition between Q2D density of states and the weakening of electron-
POP interaction strength in z-direction.
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For completeness, it should be printed out that the phonon absorption scattering rate can be treated in
the same way as outlined in this paper. One should expect that the emitted phonon by Q2D electrons
traveling in the direction perpendicular t2 the quantum well interface may be easily reabscrbeda. This (s
because those phonons are no2t plane-wave-like phoncn mode that (3 <xtended t9 the wnole samplw. The
phonons are 1ocalizea insice the well the same as the localized clectrons.

B =

In conclusion, the confinement effects on the phonon emission rate of the electron in Q2D structures
through tne unscreened electr2on-POP interaction are shown by taking int2 acecohunt the non-commutation
relationship between the Hamiltonian of the system and the electron momentum operator in the z-direction.
It is explicitly ¢~ monstrated how one can exactly treat the fuzzy momentum conservaticon in z-direction using
neither "non-mdmentum-selection rule" nor "momentum coOnservation approximation" by consicering the phonon

wave vector Qqz as a r.v.. The phonon emission rate at the onset is {ound 3 times smaller than previodusly
reported and increases with initial electron energy.
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Fig. 2 The electron-POP interaction strength ¢

or Q2D and 3D systems versus the parallel component of phonon
wave vector q.

The solid curves from 1 to 4 are for the Q2D structures with well width 0.5 Lo, Lo, 3Le, and
5L, aceordingly. The main contribution of the integral IR0 t5 the total pnonon emission rate occurs at g=!
where 192D presents a weak L, dependence. The dotted curves from 5 to 7 are for the 3D system with ratie
r=10, 3, and 1.2, respectively. The scattering angle 8 for those three curves are set to be all zero. The
dotted curve 8 is also for 3D system with r=1.2 and 6=n/6. The larger scattering angle 6, the larger the
value of I3D in the range from 0.1 to 1 for q.
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The solid curves are {rom this work and the dash curves were generated from Leburton's
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Abstract :__.; .
) )
C’h The recombination lifetimes {or the radial and angular quantum number conserving 15+1S and 1P+1P transi- __.\,:'.
._’-. tions from three-dimensionally confined electrons in CdSySe,.x were measured by time-resolved photolumines- A
Ny cence. The assignment of the observed transitions is supported by calculations of eigen energy levels, ,\:_.
squared matrix element ratio {or those transitions, steady-state and picosecond spectroscopic studies. 2
Introduction
? Frrecaerior oy
¥ Carriers 1localized in semiconductor microstructures have attracted much attention both for fundamental ’ p“
reasons and for their potential applications. Semiconductor crystallites in a transparent insulating matrix o'“l‘.
i o ) ) ) . . - 1 R a-s Y
e can confine electrons in three dimensions because their diameters range from 30 to 800 A. The envelope
; wave functions in spherical coordinates [r, 6, ¢] and eigen energies of conduction electrons and valence '~v" ¢
3 holes localized in an infinite-spherical-well within the effective mass approximation are given by: e
- [nlm > = Cpp JuCxaLr) Yim (8,6), ) ::}i-
n, ! -..I'
roa and ‘:_4"._ y
QYA
E hZXnIL (2) :\::...'
i nL = 57T RE S
e,h -
- ' “a
- respectively. The subscripts n,L, and m are effective radial, angular and magnetic quantum numbers, respec- _E“
tively. Jj and Y are the spherical Bessel and spherical Harmonic [functions, respectively. a is the radius of ;,{7_'\‘
N crystallite and mg  is the effective mass of electron or isotropic hole mass.® The value of xn for the . -",’.
. lowest two states 'of either conduction electron or valence hole 1S and 1P are w and 4.49, respectively. S ':-,,'."
S stands for L=0 and P for L=1. The allowed transitions which conserve angular and radial quantum numbers are Y
1S+1S, 1P+1P, and higher transitions. The physical picture of the quasi-OD electron system described above :.'- -
. has been experimentally verified by several groups.'™? Large and [fast optical nonlinearities arising from 5',,
; photogenerated electron hole pairs have been also reported in quasi-OD electron systems.®”’ Pioneering sub- Ls -
) nanosecond time-resolved photoluminescence® and picosecond pump-probe experiments® have been performed. It Foae
is important to study the dynamics of various excitations in Quasi-OD electron systems in detail in order to ,.":,. f
understand the physical origins underlying these various novel oOptical properties. ‘.:,-: :
WY, I,
o in this paper, we report on measurements of ultrafast recombination liifetimes {or the radial and angular Cu
'C"' quantum number conserving 1S+1S and 1P+1P transitions in quasi-0D electrdon systems in CdSySe,.y at 4.3K :'\‘; ]
using a streak camera detectisn system, and on the observation o7 optical transitions using photoluminescence ,',‘.p'
spectroscopy between quantized levels (1S, 1P) in the conduction and valence bands in quasi-zero dimensional -
L . electron system in CdSySe,-y. The time-resolved photoluminescence detected at various emission ener- A
‘l"f- gies allows us to unambiguously identify the 1S-+1S and 1P+1P transitions. The recombination lifetime ':J‘:'-
| of 1P+1P transition was measured to be 3.5 times shorter than 15+15 transition. The ultrafast decay of 1P ey
. excitation may have practical importance for the construction of ultrafast reversible optical switches. The :~."-.“
Y assignment of the observed S and P transitions were supported by calculations of eigen energy levels . ::\
ra and squared matrix element ratios for these transitions, as well as from steady-state photolumines- D
‘o cence spectra of the same samples used for the picosecond kinetic studies. =t
‘ E tal Method L
| xperimental Me S »
':'. The samples investigated were four optical glass filters 2-61, 2-59, 2-58 and 2-64 manufactured by Corn- :“:",
ing years ag>. The samples were mounted on a colad finger of a variable temperature helium optical cryosstat \.‘r\f'
. (2K to 300K). The x value for each sample was accurately obtained {rom chemical analysis.'® The picosecond \." :
'f; experimental setup used in this research has been described in detail elsewhere.!! A second harmonic (530 J‘\J‘
::5 nm) of a Nd-glass laser pulse of 8 ps duration was used to excite the samples on the front surface. The 3

maximum optical energy incident onto the front surface was about 40 wJ. This corresponds to 10'“ photons '
per single shot. The spot size was 8x10™* cm®. The exact photoexcited carrier density in quasi-OD electron
system was difficult to estimate due to the complexity of the surface of the crystallites. Assuming all the
photons were absorbed with 10um, a value on the order of 10'® cm™® was estimated. The photoluminescence
emitte! from the samples was collected by a combination of lenses and imaged onto a 30-um slit of a Hama-
matsu streak camera system. Various narrow-band [{{lters centered at different wavelengths were placed in

oL
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front of the streak camera to select different transition energies. Two color filters 3-67 were placed in
front of the streak camera to block the light with wavelengths shorter than S400A. The photoluminescence
profiles were corrected {or the nonlinearity of streak rate and spectral response of the detector (5-20).
For steady-state photoluminescence experiments, an Argon-inn laser, a double Spex spectrometer,

5-20 photomultiplier and a lock-in amplifier were used.

Picosecond Luminescence Studies
The photosluminescence profiles in time domain were measured at different energies c¢o2vering the corres-
ponding spectral range 2 each sample. The expression {or number of photons detected at energy E at time t
is given by:
/1 4(E) -t/
N(E,t) = Nole™© Td'E _ o By, (3)

where E is the central energy of the rarrow-band filter used: 14(E} and 1,.(E) are the decay and the rise
times at energy E; and N, is the proporticnality constant. The value 2{ 1, gives information absut how [ast
electrons and holes scatter sut from initially excited states to less energetic states where they recombine
while, tq gives a measure of the recombination lifetime of various excited states when recombination domi-
nates the depopulation 27 photo-excited carriers.

The time-resolved photaluminescence prafiles obtained at varincus emission energies at 4.2K for sample 2-58
are snown in Fig. 1(a-e). The left curve in Fig. 1a shows the temporal profile of exciting laser pulse which
reflects the time resolutinn of detection system (10 ps). The dotted curves in Fig. 1 are the fit to the
data using Eq. (3) with a value of 12 ps for the risetime t1.. The decay times of these time-resolved lumi-
nescence profiles show only two distinct values. For emission energies ranging from 2.213 to 2.175 eV and
from 2.1 to 1.967 eV the decay times are 29 and 100 ps, respectively.

The decay time as a function o7 emitted photon energy E [or i{our gquasi-OD electron systems are plotted in
Fig. 2. For a comparison (Fig. 2e), the exciton lifetime vs exciton energy in quasi=J0 system in bulk
CdS,, s3Seq 47 While the other tw2 samples do not show tnis {eature (the reascn, the P levels have not been
reached in 2-61 and 2-59 samples). It is expected that the decay time should be nearly invariable aver
the energy range of emission if only the lowest confined state 15 [or clectrons and holes is occupied. The
wide spectral range most likely reflects the crystallite size distribution and the [luctuations in the value
of x from crystallite to crystallite. When the two l2west states 13 and 1P are substantially occupied and
the recombination lifetimes associated with these two states are considerably diiflerent, a steplike change o7
decay time will be observed in two distinct energy regions. Trhe exact lifetime ratli? in the twoD energy
regions depends on the transition matrix elements. The above argument snould in principle expliin what we
observed in Fig. 2. However, the energy dependence 90 1localited exciton lifetime in the bulk compound
CdS,, s3Seo, .7 as displayed in Fig. 2e also exhibits a steplixe feature. The explanation given by Kash et al.®
was based on the model suggested by Cohen ana Sturge® where the exCiton migration {rom a site with higher
energy into another site with lower energy. This raises a question whether the excit2n rnigration mechanism
can apply to the present case. Since exciton migration must inv2lve a transport over a reiatively large dis-
tance due t9o the nature of the exciton-phonon interaction,® such migration may occur in relatively large
crystallites. This apparently may explain the results observed in the sample 2-58 and 2-64u. In smaller
crystallites the migration does not occur in correspondence with the samples 2-61. However, the exciton
migration picture cannot explain the steplike energy depencence of li{etime as well as the ratio with the
value of about 3.5 because the depth of a potential well'? caused by compositional fluctuations are entirely
random in nature. Furthermore, the exciton lifetime would be increased monotoniczally with a decrease of
exciton energy as recently observed {or CdTe-InTe interfaces.!’®

A two-state (1S, 1P) model is introduced here which consistently interprets all the results shown in Fig.
2 as well as other results observed by Cohen and Sturge.” It is possible that the excitons are confined by
the potential wells in the bulk alloy compound which have tw9o lowest states designated by 1S and 1P, The
exciton in higher-lying state 1P can be scattered to the lower-lying state 1S by emission of phonons instead
of migrating from site to site. The two-state model can explain not only the results of Cohen and Sturge®
but also our time-resolved dynamic results presented here as well as the data reported by Kash et al..®

In order to further verify the two-states (1S, 1P) model, we have calculated the eigen energy levels of
the quasi-OD electron systems and the recombination liletime ratio for 15+1S and 1P+iP transitions.

X The con=-
finement energy for the ground states is given by

E\g = Efs + ERg (4)

for the quasi-OD electron systems, where Efs and E?s are the lowest confinement energies for electrons and
holes, respectively. These energies were calculated Irom the bulk bandgaps'“ at 300K and the measured peak
energies of the first derivative of room temperature rellectance (dR/dA).'® Using the electron effective
mass and the isotropic hole effective mass given in Ref. 4, the effective diameter'® of crystallite for each
sample and eigen energies were calculated. These results are displayed in Table 1. The spin-orbit split
states'* were neglected since they were not excited in our experiments. The emitted photon energies at 4.2K
for 15S+1S and 1P+1P transitions were obtained by adding corresponding coniinement energies to the values of

bulk gap'? at 4.2K. The binding energies of excitons were not included. The calculated energy positions are
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Q"l in good agreement with what we measured. These positions are located in Fig. 2 as arrows labeled by S and P ’.:-‘,
for clarity. Pl n
!
’.l*.l
o In Table 1, the values 9 lifetime for 15+1S transitions dencted by 1,5 were measured at the luminescence s
intensity peaks. A value 2 85 ps for the 15+1S ground state recombination time for sample 2-59 is :in exact )
agreement with the value ~7btained by Warnock and Awschalom® using pump-probe experiment. Since the energy ‘,}-
per pulse in our experiment is about four orders of magnitude larger than they used, the Auger mechanism of ‘,h"
", carrier depopulation is then ruled out in these quasi-OD electron systems. Furthermore, we did not observe '-‘:}
. : . . : . ; P - LA
the change in lifetimes by varying the excitation intensity over a factor of 33. One concludes that the dep- _w\
;,k‘ opulation of photoexcited carriers must be dominated by radiative recombination path in the present study. "
The recombination lifetimes for 1P+1P transitions denoted by T,p are also entered in Table 1. Since the pre-
sent experimental condition canndt detect the 1P+1P transitions in samples 2-61 and 2-59 the numbers inside
the circles are the anticipated lifetimes of 1P+1P transitions assuming the same ratis of 1,8/ tp 2r the
samples 2~58 and 2-6u, Note that a value of 138 ps has been also reported by Warnock and Qwschalom?® for ol
2-51 although they did not identify this to be the lifetime of 1P=1P transition. It should be emphasized W

that strongly enhanced transition probability which leads to shortened lifetimes of various excitations in

7

w

N4 the quasi-zero dimensional electron system is not a surprising result. The recombination enhancement due to :\"‘-‘:
,:-’ carrier confinement in quantum well structure {(quasi-two dimensional electron system) was clearly demon- '.-\.-
P strated by Gobel, Jung, Kuhl, and Ploog.'® These authors'® attributed their measured recombination lifetime :.r,\.l-

to be the spontanedus carrier lifetime in quasi-two dimensional the electron system. The measured diameter Lo

dependence of recombination lifetime supports their arguments.'® (
! \ L)
4'_&-_. A Turther test to support -he two-states picture is whether a reasonable prediction can be made to locate '\. :
. the energy positions of exciton localized in 1S and 1P states for the quasi-OD electron system In the bulk \ ,

compound CdS, s35e,, ., studied by Kash et al..® When electrons are confined in a one-dimensional semiconduc- \ i
\”ﬂ tor quantum well with thickness L,, the electron-hale recombination time [or ground states may be estimated \.}"\
\\: to be proportional to the L, since the wave functicn is "squeezed" by the boundaries.®'® The evidence for \J\»
u this has already been provided by %the measurements 27 Gobel et al..!'® Extending the above concept, -he 2

effective diameter (d) {for the spherical potential well may be estimated using a relation 1,5 = ¢ R A 9
., value »§ about 250 for the diameter of the potential well in tre bulk was estimated using the lifetime ror i\':-
P.:, energies less than 2.09 eV assignea by us to be the recombination lifetime {or 15+15 transition. Using this ‘)5"
.‘-/‘ value the coniinement eigen energies {or excitan (electron and hole bound by their mutual Coulomb potential) .u"'

were calculated. These results are also entered in Table ! under bulk and displayed in Fi1g. 2e. The experji- '.F"
-~ mental results o7 Kash et al.® are in excellert agreement with Dur two-states model. Furthermore, when the :"‘-,
- temperature of their® sample was raised above 36K (3 meV) the steplixe feature of lifetime in two distinect .'C"._
u‘ energy regions disappeared. Since exciton binding energy in this material is about 20 meV, the exciton disso- -

ciation is not responsible Tor this disappearance. However, the enersy diflerence between ground state 1S
and first excited state 1P for hole is just 3 meV (Table 1); therefore, the strong hole scattering between 1S

AR
.

" and 1P states assisted uy thermal energy is responsible [2r the absence 2f the two distinct regions above .
‘ot 36K. This temperature dependence of exciton lifetime further sSupports our model. \"_-.‘
o T
The lifetime ratio for 15+15 and 1P+1P can be predicted Iollowing tne approach given by Casey and Panish!? \:.'-'
N and Efros and Efros.?® The matrix element for a transition f{rom localized state in conduction band to the It 3
i localized state in valence can be expressed as: ;
M= My Meny, (5)

.:-" where My is the average matrix element [or the 3loch states {or bands in absence »f new eigen states due to .
-_-: the confinement and Mg,y is the envelope part o the matrix element which is given by:
» P
Many = <L | 1L, (6) Y.
e .

L Since 1P state is a threefold degeneracy state with magnetic gquantum number -1, 0, and 1, a value of 5 for :J'"}.
N the ratis of |Mgny |,§,lp and |Meny |1?5+,5 can be readily calculated. This value should be compared with .~:‘:
experimentally measured value of 3.5 for 1,g/1,p. The agreement is reasonable in view of assumptions made o

in the theoretical approach and the uncertainty in data fitting. :-‘\-‘

s A
e, Steagy-state Pnotoluminescence Studies -'."\:.
LA et i VK

’ Following work of Warnock and Awschalom® steady-state photoluminescence studies was used to confirm our ]

1
P

PN S
h )
Pl
™

g findings. In Fig. 3a, photoluminescence spectra of sample 2-61 at various excitation levels taken at room
temperature is plotted. The excitation wavelength was the 488 nm line of the Argon-ion laser. The excita-
e tion levels were 2.5 and 10 times higher for the broken curve and dot-dashed curve than the solid curve,
! respectively. The scale of luminescence intensity was 2 times and 10 times larger for the broken curve and

dot-dashed curve than the solid curve, respectively.

Sk
l" ‘/

b

«

AN
&‘

) The broken vertical line indicates the peak position of N
I dR/dA. The most salient feature we would like to stress is the appearance of the two-peak structure at the N
“'.\ high energy side of the peak position of the [irst derivative of raom temperature reflectance spectrum. -

Based on results of picosecond studies listed in Table ! we attribute these two peaks to the 1S+1S and 1P=1pP
optlcal transitions® as {ndicated by S and P in the figure. The energy separation between P and S is about

9'9 220 meV. This rules out the possibility of transition from 1S electron state to 1S spin-split-hole state,
.‘;\ since the energy separation of spin-orbit splitting is about 350 meV for Se mole composition of 0.73. Two
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'?- other f{eatures should also be mentioned. The excitation dependence 37 luminescence intens:ty did not shdw
the saturation of available electronic states up td the marimum excitation level 1ITW/cem?; ind the lumines-
cence peak shifta to the lower energy when the excitation level increases reflecting the renormalization
process in quasi-zero dimensional electron system.

*

L

The photoluminescence spectrum > 2-61 measured at 4.3K using the 457.9 nm line 27 the Argon-io2n laser as
excitation wavelength is shown in Fig. 1b. As can be seen rom the spectrum the positisn of 13+1S peak
snifts to the higher energy and {ts FWHM (58 meV) decreases by a factor 27 2 in comparison with rodm temper-
ature data. The latter indicates the broadening 57 1S+!S transitisn at room temperature is ndt entirely
dominated by =size f{luctuation of the microcrystallites under the photoexcitation. The line cUoroacening
mechanisms may apply for the quasi-zern electrosn system. We 3ssume the broadening 97 the 1S peak i{s dimi-
nated by the {luctuation of the diameter of the microcrystallites at 4.3 K. The :inset of Fig. !b shows a
spectrum fit by assuming the Caussian shape?! probability density functioan £or the random variabie d.*! The
fit gives a mean value of 74 for the effective diameter and a variance ¢? = 25 A whicon charactar:zes the
size {luctuation of microcrystallites. The structure beside the main 1S peak is rom the 1P+!P trans:tion
since its energy separatidn with the 1P peak is about 210 meV. The broad peak centered at 507 nm may arise
from the transition from the split orbit band.

g

r
e

In Fig. 4, the photoluminescence spectra of sample 2-59 measwed both at room temperature (a) and 4.3K (b)
are displayed. The most important {eature is the appearance of both 15+1S and 1P+1P transitions. The
energy separation between 1S and 1P peaks is 214 meV. The calibrated value {for the confinement energy is
213 meV. The corresponding peak positions are shifted to lower energy in comparison with 2-61 due t2 the ooy

g2 ]

1

larger di.meter of crystallites and smaller mole percent of the composition of sullfwr. .:,:}

[ g

n The broad peak centered at 500 nm in Fig. 4b at the 4,3K spectrum appears in the U4.3K spectrum 37 the ':'_4'..

o 2-61 sample. The origin of this emission peak at 500 nm is unlikely Trom the 1D+1D transition. This emis- :N"'\

3 sion may arise {rom the optical transition from the 15 electron state to the 1S spin-orbit split hole state. .-.:-.
The energy separationg between the weak peak and the main !S peak are abdut 370 meV and 450 meV for I-o1

and 2-59, reapectively. These energies are consistent with the measured selenium-compositidn-percentage cep- aws

i endence 5f spin-orbit splitting.'* SN

. G

"{' ‘-"N-'

b We have also measured the room temperature spectra > Z-58 and 2-64 samples. The peaks {or -28 and AV

2-54 are at 1.9537 eV and 1.9114 eV, respectively. These peaks were br2ad s> that the 1P structures were :.":.-

- not clearly resolved. ‘.:‘.

k Summary A

In summary, we have reported on the measurements of recombination lifetimes 27 15+1S and 1P+1P transi- L
tions in quasi-OD electron systems by time resolved photoluminescence measurements. The assignment of these LA
u:,; observed transitions are supported by calculations o0 eigen energy levels and the correspd>nding matrix ele-~ :J‘\)
‘«,,- ment ratis as well as the direct observation 27 optical transitions between Gguantized energy leveis (1S, 1P) kf\-f
. in the conduction and valence bands by steady-state photaluminescence measurements. .‘f’._:;
e
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IEEE Journal 27 Quantum

Note: After the completion of our work, we recieved a preprint from Dr. Hall, Corning glass works (to be
published in J. Appl. Phys.). According to them, the wet chemical method for determining x value from 0.4 to
0.8 was uncertain by 15% from the x-ray method measured corresponding values., We should state that the
energy peaka we measured can not be attributed to the changes of x determined by them for a given f{ilter
number. The IBM group does not agree with Hall et al x values. Therefore, we conclude that the each filter
does not have a unique x even though the designated [ilter number may be same. Our response to Hall's
statement, "that the crystallite size In [ilter glasses are such that quantum confinement effects do not

exist," is: even though there 13 a large distribution of particle sizes, quantum confinement does exist {n
each particle.
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fable 1: The measured energy peak of [{irst derivative of reflection at 300K, bulk energy gaps at 4.2K and
300K, the calculated confinement energies, emission energies for 1S » 1S and 1P + 1P transitions and effec-
.ive diameters (d}, the measured lifetimes for 1S + 1S and 1P + 1P transitions as well as their ratio are
lisplayed. The t are anticipated values assuming a same rati» T.S/Tlp for the samples 2-58 and 2-64,

<

,,

W
S
NAS
Sample (300 X} (3¢0 K) Confined energy uK Q uK T8/ Tp s
CdSySeq-g Energy Bulk (meV) emission lifetime '*..::\.
peak gapP energyP psec i
for eV eV S,
dR/d A g
eV .
n h e gh S £ i
N2 x d Efs*Els Efs Efly Efp Efp 1515 1Ps1P 8Eg 5 1S 1P Y
‘ot
.
2-61  0.27 T4A 2.012¢ 1.7857 226 187 39 382 80 2.156 2.392 220 70 18t 3.5 :
2-59 0.121 804 1.9366 1.7333 203 168 35 344 72 2.073 2.2% 224 85 aut 3.5
2-58 0.081 B0A 1.924% 1.7143 210 174 36 356 T4 2.065 2.284 * 120 29 3.5 <::'-
oA
', Y
2-64  0.168 1028 1.8666 1.7429 124 103 21 211 43 2.004 2.134 * 210 60 3.5 v O
LA
A
Bulk 0.530 2504 1.9368 17 14 3 29 6 2.090 2.108 18 2750 790 3.5 A

»

“u

LS,
a {rom ref, 14 S,
b the value »f bulk gap is from ref. 17 '*1.'*
* peaks are broad and unresolved. }.‘:
© measured energy seperation (meV) between S and P peaks at 300K. ‘_:.~ /
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Fig. 1 Time-resolved photoluminescence profiles detected at different energies (a to e) for the sample 2-58
at 4.2K. The dotted curves are the theoretical fit with 12 ps {or risetime and decay times are indicated on

the corresponding profiles. The left curve of (a) is the temporal response profile to the laser pulse used
to excite the samples.
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Fig. 3(a) Photoluminescence spectra of sample 2-61 at various excitation levels taken at room temperature
using 488 nm line of the Argon-ion laser. The excitation levels (intensity scale) were 2.5 (2) and 10 (10)
times higher for the broken curve and dot-dashed curve than the solid curve, respectively. The broken verti-
cal line indicates the peak position of the first derivative of rellectance at room temperature. S and P
stand for the 15+1S and 1P+1P transitions, respectively. (b) Photoluminescence spectra of 2-61 at 4.3 K.
The inset shows that the 1S peak broadening is dominated by the diameter fluctuation of microcrystallites.
The solid dots are calculated by assuming a Gaussian shape of the probability density function for the random
variable d with a varlance of 25
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Reply to “Comment on ‘Determination of valence-band discontinuity via optical transitions
in ultrathin quantum wells’ ”

" Kai Shum, C. Zhang, P. P. Ho, and R. R. Alfano
Institute for Ultrafast Spectroscopy and Lasers, Depariments of Electrical Engineering and Physics,
The City College of New York, New York, New York 10031
(Received 16 January 1987; revised manuscript received 20 August 1987)

The salient points of our previous paper [Phys. Rev. B 33, 7259 (1986}] are reinforced in this

Reply to the preceding Comment by Miller.

The essential points of our work' were to demonstrate
what experimental data from optical transitions should
be used and how sensitive they are to the @ value of band
offset. Contrary to Miller's comment.’ Dingle et al.? did
not emphasize how sensitive the Q value depended upon
the value of the energy separation, AE(L,), between the
n =1 heavy- and light-hole subbands. We found' that
the values of AE are most sensitive to the band offset for
L, ranging from 15 to 80 A. Based on this key finding a
currently fashionable choice of Q,=0.40 proposed by
Miller et al.* was ruled out using Dingle’s connection
rule and the then available experimental data in this
range of L,. Another key point made in our paper' was
that systematic measurements should be performed in
the sensitive zone of well width (15 A 10 80 A) to pre-
cisely determine the Q value. These essential points are
still overlooked in depth by Miller's comment? to our pa-
per.'

It should be pointed out here that the extent of data
used in our paper' was not the main issue of the paper
and more data could not alter the essential spirit of the
paper. Most recently, Miller et al.® have performed new
measurements providing more data in the sensitive zone
which will be discussed below in this Comment.

We have recognized that there has been a large body
of data pointing to a larger @, ~0.40, which was the
mainstream of thought in this field. However, most of
the experimental probes carry their own source of uncer-
tainties.® The electrical measurements are often plagued
by residual doping whereas the intersubband optical
transitions may prove to be too weakly dependent upon
the band offset. The optical method described in our pa-
per' provides a sensitive optical test of band offsets in
GaAs/Al,GaAs, _, structures. It should be mentioned
that there are some most recent determinations of @
value for GaAs/Al,Ga,_,As which do not yieid
Q,=0.40 but point to values of 0.31 from Raman
scattering data’ and 0.231£0.07 from electrolyte
electroreflectance study.?

As noticed by Miller,? one of the data in the original
paper' to support lower Q, was obtained in a circular
fashion. However, the other data quoted by us do not
suffer from this problem.

It is well known that the mismatch of effective mass in
well and barrier is responsible for the appearance of

various connection rules®1° for the envelope wave func-
tion and its derivative. In general, using a different con-
nection rule will result in different eigen cnergy levels
and hence differences in the spacing between the levels.
Therefore, the Q value determined by AE versus L, de-
pends much on what connection rule is employed. This
is where some of the problems come from.

In the spirit of our past paper, the light- and heavy-
hole energy splitting is plotted in Fig. 1 as function of
well thickness L, using various connection rules.”®!!
The Q value is ad)usud in such a way the AEs for
L,>40 A calculated"? using different connection rules
comcnde with each other within ~2 meV. D, B, and .V
in the Fig. 1 refer to the Dingle’s connection rule,
Bastard's connection rule, and new connection rule."
The material parameters used for the calculation of the

T T

AE,461Q, (mev)

AE (meV)

10 20 30 40 50 60 70 80

Lz (A)

FIG. 1. Calculated light- and heavy-hole energy splitting as
function of L,. D, B, and N refer to Dingle’s, Bastard's, and
new connection rules. The values of Q, are indicated on the
corresponding curves. The masses used for the dotted curve is
Miller’s masses. The masses used for the other curves are the
conventional masses given in the text. The plus and triangle
data are from Refs. 5 and 15, respectively.
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curves are x =0.37, AE, =1247xQ, (meV) (the value of
Q. 1~ indicated next to the corresponding variable in the

.. Fig. 1), masses'*!* of heavy hole (light hole) for GaAs
i.and  AlAs are 0.403m, 10.087m;) and 0.487m,

(0.208:n ), respectively; except for the curve where the
heavy-hole mass (0.34m) and light-hole mass (0.094m,,)
proposed by Miller et al.* were used. The plus and tri-
angle data points in Fig. | are from Refs. 5 and 15, re-
spectively.

Figure 1 shows two important features. First, as ex-
pected the energy splitting AE is sensitive to the connec-

‘tion rule in the sensitive zone of L,, especially for
"L, <40 A. This features makes it possible to experimen-

tally demonstrate which connection rule is appropriate
by systematically measuring AE in the sensitive zone.
Based on the data given by Miller et al. > Dingle’s
connection rule which was used by us to show how to
determine Q value in the sensitive zone of L, seems to be
not appropriate. However, the method itself described
in our paper' is still very useful. Second, for the given
connection rule the splitting AE is very sensitive to the
effective masses. In order to fit simultaneously the data
given by Miller et al.>'% it seems to be necessary to use
the Bastard's connection rule and the mass parameter set
(myy=0.34m,, m 3, =0.094m,) and Q.=0.40 pro-
posed by Miller et al.* The use of new connection rule'!
with Q,=0.23 seems to fit the data for L, >30 A. It
should be pointed out here that in our calculation the
binding-energy difference between the light hole and the
heavy hole is taken to be a constant { ~0.5 meV). This
may be a good approximation for L, > 40 A. Inorder to
compare the measured AE with the calculated AE for
L, <40 A an exact analysis taking the proper exciton
binding energy into account must be performed.'®

In Fig. 2, the energy separation AE,, between first
and second conduction subbands is plotied as function of
L, using three different connection rules by including'’
the energy-dependent mass m  (E,) (Ref. 18) as well as
my(E.), n =1,2, for well material GaAs and barrier ma-
terial Al, ,Ga, ;As, respectively, and compared AE,,
with the published experimental data by West and
Eglash.!® This work is not affected by the valence-band
complexity, the exciton binding energy, and can provide
an independent test of Q value.

The m,(E,) is obtained by

2 172
E;  #KE,

4 2mcy

E

8 _ e
2

dk?

ﬁZkZ

aZ
2m (E)

" ak?

(n

The expression inside of the large brackets on the left-
hand side of Eq. (1) is the energy-momentum relation-
ship within semiconductor band gap.”®  After
differentiation the m,(E,) reduced to

my(E)=mcp(l14+4Y, )% n=12, ... , (2)
where my is electron effective mass at conduction band

edze Of Alo ]Gao 1AS, X,' = ' ﬁlk:" /2’" CnE’ l ’ and
n=1,2 for first and second subbands. Note that k7 is
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FIG. 2. Calculated energy separation AE,, between first and
second conduction subbands as a function of well width L, us-
ing Dingle's (D), Bastard's (B), and new (N) connection rules.
The curves are calculated using AE. =Q. AE, (AE,=1247x
meV, x =0.30). The values of Q, are indicated on the corre-
sponding curves. The data of West and Eglash (Ref. 19} are in-
dicated as two plus signs. The inset shows schematically the
well and the energy-momentum dispersion curves, The elec-
tron effective masses at band edges for GaAs and Al, ,Ga, ,As
are also indicated in the inset.

negative and k, is imaginary reflecting the electron wave
function within the gap of Alj;Ga,;As is exponentially
damped. The dispersion relations dependent upon the
real and imaginary wave vectors in the well and the bar-
rier are schematically shown in the inset of Fig. 2. The
connection rule and the Q value used are indicated on
the corresponding curves. The value of x is equal to
0.30 in order to make a comparison with the data AE |,
of West and Eglash.'

Several {eatures are very apparent in Fig. 2. First, for
the given connection rule AE ; is very sensitive to the Q
value in the sensitive zone of L, giving rise 10 a possibili-
ty of extracting the value of AE, and Q value. Second,
the value of AE,, calculated using the new connection
rule approaches the values of AE, at ~45 A and at
L,>100 A calculated using Bastard's and Dingle’s con-
nection rules, respectively. Third, the two experimental
points support neither Bastard's nor Dingle’s connection
rules, but seems to be more favorable to the new connec-
tion rule with Q. =0.77.

In conclusion, we have shown different connection
rules and hole masses yield different Q values. Further-
more, the appropriate connection rule can be discrim-
inated by systematically measuring AE and AE, in the
sensitive zone of L,. Dingle’s 85-15 rule is based on his
connection rule while Miller's 60-40 rule is based on
Miller's effective masses and Bastard’s connection rule.
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The essential.information described in our paper! is not
compromised by the comments raised by Miller but rein-
forced here. “We stress. that more systematic photo-
luminescence, 'PLE, and inter-conduction-subband tran-
sition. data must be taken in the sensitive zone (15 to 80

[9¥)
~&

I

A) 1o determine the proper connection rule and an accu-
rate Q value.
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Gallium arsenide photoluminescence under picosecond-laser-driven shock
compression

X.Z. Lu, R. Garuthara, S. Lee, and R. R. Alfano
Institute for Ultrafast Spectroscopy and Lasers, The City College of New York, New York. New York 10031

(Received 8 September 1987; accepted for publication 10 November 1987)

A pump-and-probe technique was used to investigate shock effects on the photoluminescence
spectra ( ~833 nm) at T = 80 K due to the direct transition E, from the I', conduction band
to the I, fourfold degenerate top valence band in GaAs. Under the shock loading condition,
the photoluminescence peak was observed to blue shift and split into two components,
corresponding to the transitions from the I', conduction band to the valence heavy- and light-
hole subbands, because of symmetry breaking by the uniaxial shock compression along the
[001) direction. From the blue shift of the photoluminescence peaks, we deduced our

picosecond-laser-driven shock pressure of ~ 10 kbar.

Significant changes in the optical and transport proper-
ties of semiconductors occur with the application of a uniax-
ial stress due to changes in symmetry and lattice param-
eters.'™ Knowledge of stress effects on band structure is
important for operation of GaAs in high-speed ultrasmall
devices and switches. In this letter we report on a new obser-
vation of the photoluminescence spectra from gallium arsen-
ide (GaAs) under picosecond-laser-driven shock wave load-
ing. The shock waves were generated by focusing intense
picosecond laser pulses onto an aluminum (Al) foil*™ at-
tached to the sample.

GaAs has a zinc-blende structure® of the space group

]
U, v, U,
—68E, —\6E 0 0
- 0 —8E, +|6E; 27 '"*5E;.
0 2 Y5E;. — Ay, —OE,
where 8E, = —al(S$,,+2S,,)P, 6E, = —a'(§,

+ZS|2)P, 655 = —-20(5,, _SIZ)P' 5ES
= —2b'(S,, — S,,)P. and 4, is the spin-orbit splitting, S, ,
and S,, are components of the elastic compliance constants,
a and g’ are the deformation potentials of the I'y and T,
valence bands for hydrostatic effects, and b and b° are the
deformation potentials of the I'; and I', bands for shear ef-
fects. If the pressure-induced shift and splitting are much
smaller than A, the eigenvalues of Eq. (1) can be written

8E, = — 8K, — | 8E;, (2a)
SE; )?
OE, = —8E, + | 8E; L (2b)
0
2
BE, = — Ay~ 8E,. — (6Es ) . (2¢)
24,

Including the effect of the conduction-band shift, the pres-

sure dependence of the energy gap changes is given by

8(E. —E, )= AE, + ) 5E;, (3a)
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T2, The lowest conduction band is s-like and twofold degen-
erate, having a [, symmetry at the Brillouin zone center.
The top valence band is a sixfold degenerate p-like band that
splits into a fourfold P,,, multiplet (J =3/2, M, = + 3/2,
+ 1/2) with a ', symmetry and P,,, doublet (J=1/2,
M, = + 1/2) with a ', symmetry due to the spin-orbit in-
teraction. The band structure is shown in Fig. 1 (the left-
hand side). The lowest energy band-to-band direct transi-
tion (labeled E,) occurs at the center of the Brillouin zone.
The total Hamiltonian matrix for the valence band in the
presence of a uniaxial compression P along the [001] direc-
tion can be written®

, n
r
8Eg.)?
6(Er—Ev.)=AE,,—5¢SES—( s)” (3b)
8E;.)?
6(E¢'_Ev.)=AO+AEH‘+( > ) ’ (3C)
24,
where AE, = — (¢, +a)(S;, + 25,,)P, AE,.

= — (¢, +4a') (8, + 25,,)P,and c, is the deformation po-
tential of the conduction band. For light polarized perpen-
dicularly to the stress axis ¢, the transitions between the s-
like ', conduction band and all three valence bands, v,,v,,
and v,, are allowed.® From Eqs. (3a) and (3b), we deduce
that under shock loading condition, the photoluminescence
peak corresponding to the E, transition will be subject to a
blue shift because of the hydrostatic component of the pres-
sure [represented by the term AE,, in Eqs. (3a) and (3b)].
It will also split into two components corresponding to the
transitions E,(1) and E,(2; (see Fig. 1, the right-hand side)
because of the reduced symmetry by the uniaxial nature of
the shock pressure [represented by the term 8E in Egs. (3a)
and (3b) ]. Since the heavy-hole band v, has a lower energy
under uniaxial compression,'® the corresponding transition
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FIG. 1. Band structure of GaAs at T = 80 K for unshocked (left) and
shocked (right) crystals.

E,(2) will have a larger blue shift. In addition, the blue shift
of the emission peak of the electron-light-hole recombina-
tion [ the transition E,( 1) ] will increase sublinearly with the
increasing pressure because of the pressure-induced cou-
pling between the sets of M, = + | bands (v, and v,).

A schematic diagram of the experimental geometry is
shown in Fig. 2. The experimental setup was described in
Ref. 11. A Quantel Nd:YAG laser of 30 ps pulse width and
25 mJ pulse energy at 1.064 um was utilized as the pump
beam to generate shock waves in the aluminum foil. The
shock waves were launched into the GaAs sample located
behind the aluminum foil. The probe beam of 27 ps at 532
nm was delayed through a white cell approximately by 46 ns
relative to the arrival of the pump beam at the aluminum foil
to ensure that the probe pulses reach the sample surface area
right after the arrival of the shock front. This was necessary
to observe the maximum effect of shock pressure.

The GaAs sample was n type with a carrier concentra-
tion of ~ 10'* cm~*. The thickness of the sample was about
50 um with the cubic [001) axis perpendicular to the sample
surface. The aluminum foil had a thickness of 20 um. The
sample and aluminum foil were loaded between two quartz
plates and placed in the center of a liquid-nitrogen Dewar.

PUMP BEAM
1.064pm, 30 psec
23 my/puine

FL CORNING
3-87 FILTERS

PHOTOLUMINE SCENCE

LIQUID NITROGEN
DEWAR FL .. PROBE BEAM
832am , 27psec

FILTERS ODELAY 46nsec

FIG. 2. Schematic diagram of !he'elptrimemal geometry.
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APIEZON N-grease was added to the interface of the sam-
ple and aluminum foil to ensure efficient mechanical cou-
pling at T = 80 K. The pump beam was focused by a 15-cm
focal length lens to a 500-um-diam spot on the aluminum
toil, which ensured planarity of the shock wave and a peak
power density of —4.2x 10"' W/cm”. The probe pulse was
focused to a 400-um-diam spot by a 15-cm focal length lens
on the sample, giving a peak power density of ~ 1.6 x 10" W/
cm’.

The emitted light was dispersed by a 1/4 m spectrom-
eter, detected by a silicon-intensified target coupled to an
optical multichannel analyzer and stored ina PDP 11/23 +
host computer. The resolution of the detection system was
about 2 nm. All spectra were recorded at 7 = 80 K by single
shots of the laser.

The observed photoluminescence spectrum of GaAs
without shock loading is dominated by a single peak due to
the band-to-band recombination at the lowest energy gap E,,
as shown in Fig. 3 (left). No emission lines due to impurity
transitions were observed. The effect of shock waves was
most pronounced for the delay time between the pump and
probe beam, » = 40~ 60 ns. At r<35 ns, no shock effect was
observed. A typical spectrum showing the shock effects on
the photoluminescence from GaAs is displayed in Fig. 3 for
7 = 46 ns and probe intensity 1.6 X 10" W/cm". Under shock
loading, the emission peak was split into two, with blue shifts

of 20 and 85 meV, respectively.

The lowest energy band gap in GaAs in the absence of
the shock pressure can be written'”

E AT) =1530eV — (50x10 'eVK “HT. (4

The peak energyv of the emssion due to the band-to-hand
transition £, at T=80 K 1s E, = £, (80 K) = 1.490 eV,
i.e. A, =832 nm, which agrees with our observed un-
shocked emission line at 833 nm (Fig. 3) within our experi-
mental accuracy. Since the energy gap E. — E,  expands
linearly with the increasing pressure P, the blue shift of the
transition energy E,{(2) was ch.sen to calibrate the shock

ﬁBSSJ nm T
. GaAs

T.80%

821.3nm T88.4nm

! Eo

- e b
Eal2})

PHOTOLUMINESCENCE
({ARBITRARY UNITS)
—_

il N i 1
840 800 760
WAVELENGTH (nm)

FIG. ). Unshocked (left) and shocked (right) photoluminescence spectra
atadelay time - = 46 ns and probe intensity 1 6 « 10" W/em® The shocked

spectrum consists of two peaks, corresponding 1o the transivons £,,( 1) and
£,(2).
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pressure. From Eq. (3a) the pressure coefficient of this tran-
sition energy is given by

M= ~ (e, +a)(S,, +25,2) - b(S,, - S,,).
dP
(5)
With the reported values,”” ¢, +a= —13.0 eV,

= — 166 eV, and" S,,=1.16x10"" kbar~', §,,
= —3.67X107* kbar~', we obtain dE,(2)/dP =85
meV/kbar. Therefore, the experimentally measured blue
shift of 85 meV (Fig. 3) for the electron-heavy-hole recom-
bination emission line gives a magnitude of the laser-driven
shock pressure in GaAs of ~ 10 kbar.

From Eq. (3b) and the reported values,® ' = — 2.47
eV and A, = 0.34 eV, we obtain §(E, — E,) =215 meV
for a pressure of 10 kbar, which consistently agrees with our
observed blue shift of ~ 20 meV under the same shock com-
pression condition. Therefore, the shocked system is in qua-
siequilibrium state.

In conclusion, the picosecond-laser-drive shock waves
offer a new technique to investigate properties of materials at
very high pressures with a table-top laser facility. Using this
technique. we have observed blue shift and line splitting in
the photoluminescence spectrum of GaAs due to band-gap
expansion and symmetry breaking by the uniaxial shock
compression along the [001] direction. The pressure range
of the shock waves generated in our experiment by a 25-mJ
picosecond laser pulse is ~ 10 kbar.
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Shock-wave-induced collision broadening of the photoluminescence spectra

in GaSe

X. 2. Ly, S. Lee, R. Garuthara, and R. R. Alfano

Institute for Ultrafast Spectroscopy and Lasers. Physics Department, The City College of New York,

New York 10031

(Received 13 August 1987; accepted for publication 28 September 1987)

Significant spectral broadening of the photoluminescence in GaSe under the picosecond-laser-
driven shock pressure has been observed for the first time. The broadening of the spontaneous
emission was found to be proportional to the shock pressure and attributed to a shock-wave-

induced exciton collision mechanism due to the directional motion of particles in the shocked

region.

There are significant differences'™ between the ob-
served physical and chemical properties of condensed mat-
ter which is shocked and hydrostatically compressed at the
same pressure and temperature. Production of the picose-
cond-laser-driven shock waves offers a new powerful tech-
nique to study the properties of semiconductor circuits and
devices at very high pressures with a table-top laser facility.
Recently, we reported® on the spontaneous and stimulated
emission from GaSe at different excitation intensities and
attributed both the spontaneous and stimulated emission to
the same origin—exciton-exciton scattering process. In this
letter, photoluminescence spectral line broadening observed
under picosecond-laser-driven shock loading in GaSe is re-
ported for the first time which is attributed to enhanced exci-
tonic collision processes associated with the shock wave.

A pump-and-probe technique was used to observe the
shock effect on the photoluminescence emission in GaSe.
The GaSe sample of 50 um thickness with the ¢ axis perpen-
dicular to the layers was attached to an aluminum foil of
thickness 20 um. A Quantel Nd:YAG laser of 30 ps pulse
width and 35 mJ pulse energy at 1.064 um was focused to a
450-u1.a-diam spot on the Al foil surface to generate shock
waves which propagated through the Al foil into the GaSe
sample. A 532-nm probe beam of 27 ps pulse width was fo-
cused to a 350-um-diam spot onto the GaSe surface. The
photoluminescence from GaSe was dispersed by a 1/4-m
spectrometer and detected by a silicon-intensified target
coupled to an optical multichannel analyzer OMA 111, and
stored in a PDP11/23 + computer.

Typical spontaneous emission spectra from GaSe with
and without shock loading are shown in Fig. 1. The salient
features displayed in Fig. 1 are red shift of 28 nm and broad-
ening of the shocked spectrum relative to the unshocked one.

The emission due to exciton-exciton scattering can be
expressed as (EY,E}.)~(hv,e —h). The spontaneous
emission spectrtum due to the exciton-exciton scattering pro-
cess is given by®

(E) 1
I (E B
w(E) (E—-E,) + (ma/€)E? kT,

XJ: ng;- dtm(—‘g%]-‘-

« \(E,—E, —E—¢\
e~ (=) | o

x
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where p(E)dE is the number of photon modes in the crystal
between energies E and E + dE, where p(E) « E%, E, is the
energy of the 1s exciton at K = 0, E, is the binding energy of
excitons, E, = E, — E,,T, is exciton temperature, a and €
are the polarizability of excitons and dielectric constant of
the material, respectively. The peak energy is located at
E, = E, — 2E, . Figure 2 shows a comparison between the
observed spontaneous emission spectrum (solid dots) and
the calculated one (solid line) from Eq. (1) with £, = 2.0
eV, E, =0.020 ¢V, T, = 500 K, and the coupling coeffi-
cient ma/e = 3.3 X 1073,

Itis a well known fact that the direct energy band gap of
GaSe shrinks under pressure causing the red shift of the pho-
toconductivity, absorption, and luminescence spectra.’
With the reported static values of'® JE,/dP= —6.2
meV (kbar) ~! and JE, /9P = — 0.6 meV (kbar) ! we ob-
tain the (hydrostatic) pressure coefficient of the peak energy
OE,/dP = — 5.0 meV (kbar) ~'. There is evidence'' show-
ing that the stress anisotropy of the shock compression could
be neglected in many cases. The red shift of 28 nm (84 meV,)
displayed in Fig. 1 deduces a shock pressure of ~ 17 kbar. To
see if this approximation is reasonable, we also performed an
independent measurement of the shock pressure in the same
experimental setup by an x-cut quartz transducer tech-
nique.'? The pressure of ~ 15 kbar was obtained which con-
firmed our approximation.

Significant line broadening of the spontaneous emission
spectra under the shock loading was clearly and repeatedly
observed. The magnitude of broadening was about 24 nm for
a shock pressure of 17 kbar, as displayed in Fig. 1. It was

H s20
! )
¢
<
- UNSHOCKED
;
- $MOCKED
z
750 555

WAVELENGTH (M)}

FIG. 1. Observed unshocked and shocked spontaneous emission
froin GaSe at room temperature and excitation intensity 17 MW/cm?.
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FIG. 2. Calculated spontancous emission spectrum from the exciton-exci-
ton scattering model of Eq. (1) with E, = 2.0 eV, E, =0.020 eV, ra/
€=3.3X107",and T, = 500 K. The solid dots represent the experimentat
unshocked spontaneous spectrum.

found that the peak amplitude decreased under shock load-
ing such that the integrated spontaneous emission intensity
(area) approximately remains the same as that of the un-
shocked spectrum.

It was reported ' that although the electronic (or exci-
ionic) temperature in the probed region ( ~434 K ) was con-
siderably higher than the room temperature due to heating
effect by the probe beam, no significant temperature rise due
to the shock wave loading was detected. The Doppler
linewidth at temperature T, due to the thermal motion of
the emitting excitons is given by"*

2, ( 2%T, In2 )'/2
M ’

X

5AD =

(2)

c
where 4, is the peak wavelength of the emission and M, is
the exciton mass. If this mechanism was responsible for the
observed line broadening (of a factor of 2, approximately),
the temperature would increase by a factor of 4 due to the
shock loading, i.e., the exitonic temperature would exceed
1700 K in the shocked region which is definitely unrealistic.

The observed line broadening of the spontaneous emis-
sion is attributed to the shock-wave-induced exciton colli-
sions. When a shock front propagated through the sample,
all molecules behind it would gain a particle velocity u, via
the intermolecular bonding, but excitons would not, since
there was no such tight bonding between excitons or between
exciton and molecules. Therefore, the emitting excitons in
the shocked region all suffer from additional collisions with
the entire array with a directional particie velocity u,. The
collision frequency for each exciton is f, =a’u, N, where
ais the Bohr radius of the exciton in GaSe whichis'> ~32 A,
N, .o is the molecular density in GaSe which is ~2 % 102
cm ™. The particle velocity at 17 kbar is about 2x 10
cm s ', Therefore, the collision broadening at 17 kbar is
Av =2 /m~2.5X 10" Hz or A4~33 nm which agrees
well with the observed value. It should be noted that colli-
sional broadening is homogeneous and should have a Lor-
entzian line shape.'* This is also clearly shown in Fig. 1.
Since the collision frequency is prorortional to u » Which is
related to the shock pressure P by the jump condition'':
P — Py =p,U,u,, where U, is the shock velocity, p, and P,
are density and pressure in unshocked region. The shock-
wave-induced collision broadening is expected to be propor-
tional to the shock pressure. This is confirmed by our experi-
mental data as shown in Fig. 3. The observed line broadening
from different pairs of unshocked-shocked data plotted
against the applied shock pressure displays a linear depen-
dence. A pressure coefficient of line broadening for the spon-
taneous emission of GaSe ~ 1.3 nm/kbar is obtained.

The observation that the shocked spontaneous emission
has the same integrated intensity as the unshocked one sug-
gests that the elastic collision (phase-perturbing collision)
plays a major role in our line broadening mechanism because
inelastic collision (quenching collision) will decrease the
number of emitting excitons and reduce the integrated inten-

sity significantly. Note that the usual pressure broadening
which is crucial for gaseous systems essentially comes from
an increase in particle density and a decrease in mean free

. Also, 2 Doppler broadened line should have a Gaussian pro-
. file'* which disagrees with our observed Lorentzian line
shape. Therefore, the possibility of temperature effect caus-

oy ing the linewidth increase due to the shock loading can be ~ Path dueto high pressure. This latter effect cannot be signifi-
:} safely excluded. cant in condensed matter because of its extremely small .
The probed region in our experiment formed a disk of
{ 350 um in diameter and 5 um in thickness (the penetration
depth of the 532-nm probe beam in GaSe). Since the shock *r
o pressure is proportional to the pump beam fluence,'? trans-
verse inhomogeneity of the shock pressure over the disk area Br
" (350 #m in diameter) originated from the Gaussian profile i
o of the pump beam (450 u#m in diameter) intensity should be e T
less than 20%. There was also a longitudinal inhomogeneity g
* of the shock pressure in the direction of shock wave propaga- § °r e
:ﬁ- tion due to pressure decay in space. In our picosecond laser- Y _._-"::3
: driven shock wave case, the shock decay time was mea- = o} '.\:
. sured’® to be ~70 ns, corresponding to a decay length of s
- ~ 140 um. Thus, the longitudinal variation of pressure in the sl A
(& shocked region was less than 0.5 kbar. However, the ob-
served line broadening corresponded to a pressure variation o L N 1 A L N
& from zero to twice the mean value of the shock pressure as e . B » | o
} deduced from the observed red shift. Therefore, neither OCK PRESSURE. (aer) .
transverse por longitudinal inhomogeneity of the shock  FiG. 3. Observed wavelength broadening of the spontaneous emission spec- s
pressure can explain the observed large line broadening. trum from GaSe vs shock pressure. m
-8
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compressibility (typically p/p,~ 1.2 at P = 200 kbar). The
shocked-wave-induced exciton collision broadening is a new
mechanism different from the usual pressure broadening
and directly related 1o the unique nature of the shock waves
and excitons in condensed matter.
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