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Abstract-We present detailed experimental studies and modeling of 
the nonlinear absorption and refraction of  GaAs/AIGaAs multiple quan- 
tum well structures (MQWS) in the small signal regime. Nonlinear 
absorption and degenerate four-wave mixing in the vicinity of the room 
temperature exciton resonances are observed and analyzed. Spectra of  
the real and imaginary parts of the nonlinear cross section as a function 

b of wavelength are obtained, and these are in excellent agreement with 
experimental data. A simple model for excitonic absorption saturation 
is proposed; it accounts qualitatively for the very low saturation intens- 
ities of room temperature excitons in MQWS. 

I. INTRODUCTION 

T HERE has been a recent resurgence of interest in the field 
of digital optical switching, logic, and nonlinear optical 

signal processing [ l ]  . In principle, such nonlinear optical ele- 
ments are attractive for many applications in communications 
and special-purpose computer systems. In optical communica- 
tions, the characteristics of large bandwidth, high speed, and 
the ability to process signals already in the form of light should 

L be particularly useful. For these reasons, nonlinear optical 
properties of semiconductors have been thoroughly investi- 
gated [2] . However, until recently many applications have 
been impractical because of the lack of suitable materials. Our 
recent studies of the nonlinear optical properties of excitons 
in room temperature multiple quantum well structures (MQWS) 
have demonstrated a new and promising nonlinear material 
[3] -[6] . In this article, we describe the detailed modeling of 
this nonlinearity in GaAs/A1,Ga1 -,As MQWS and show how 
this information can be used to engineer structures with the 
desired combination of properties. 

The nonlinear optical response of a material is enhanced when 
the frequencies of the optical fields in interaction are close to * or at resonance with a natural frequency of the medium. This 
is particularly true if the material resonances are sharp, and 
very efficient nonlinear processes have been observed at the 
resonances of excitons or exciton complexes in semiconduc- 
tors 171. However, in bulk semiconductors excitons can only 
be observed at low temperature, reducing their interest for 
practical devices. The observation of exciton resonances at 
room temperature in the MQWS is therefore very encouraging. * 
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In the last ten years, enormous effort has been devoted to the 
development of new crystal growth techniques such as molecu- 
lar beam epitaxy or metal organic chemical vapor deposition. 
In particular, in the case of the GaAs/AlxGa1 -,As system, the 
recent progress is such that it is now possible to prepare com- 
plex structures involving the two compounds with excellent 
control of the material parameters such as layer thickness, 
composition, and impurity concentration [S]. This provides 
new degrees of freedom to "engineer" the band structure of 
synthetic semiconductor structures with novel electrical and 
optical properties, as was soon recognized for the superlattices 
[9] . Quasi-two-dimensional behavior can be produced in 
structures where a thin layer of low gap semiconductor (e.g., 
GaAs) is sandwiched between layers of a compound with a 
larger gap (e.g., AlXGal_,As), with the electrons and holes 
generally both confined in the low gap layer [l01 , [ l  l ]  . Since 
the effective masses of the carriers in semiconductors are very 
small, quantum confinement effects can be seen in layers as 
thick as several hundred angstroms. In practice, in order to 
achieve a sufficient optical path several layers are stacked to- 
gether. Providing that the thickness of the large gap material 
is large enough to prevent wave function overlap between 
adjacent wells, the low gap layers act independently. These 
structures are called multiple quantum well structures; both 
their electrical and optical properties have been extensively 
investigated. Excitonic behavior is enhanced because the 
electron-hole distance is reduced by the confinement [10], 
[l31 -[16]. At low temperatures nonlinear optical processes 
such as degenerate four-wave mixing (DFWM) [17], resonant 
Rayleigh scattering [18], and exciton saturation [l91 have 
been observed in MQWS. 

Since the average vibrational properties of GaAs and 
A1,Gal-,As are similar, the temperature broadening of exci- 
tons in MQWS should not differ much from that of bulk GaAs. 
This has led us to contemplate the possibility of observing ex- 
citon resonances at room temperature in MQWS and, indeed, 
it is possible to observe them in these conditions 131, 1201. 
Exciton resonances at room temperature have been found to 
saturate quite easily [4] and have very large optical nonlinear- 
ities [S] , [6] . MQWS have also been shown to exhibit optical 
bistability [2 l ]  . 

The paper is organized as follows. In Section I, the main 
properties of the electronic band structure of MQWS are sum- 
marized, the linear absorption spectrum is analyzed, and the 
properties of excitons at room temperature are discussed. In 
Section 11, nonlinear properties of excitons are studied, includ- 
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ing induced transmission variation and DFWM using two types 
of light sources (a tunable dye laser and a diode laser). From 
the nonlinear transmission spectrum and an empirical fit of the 
linear transmission, we are able to deduce the spectra of both 
the real and imaginary parts of the nonlinear susceptibility at 
low intensity, i.e., nonlinear refraction and absorption. The 
accuracy of these results is tested by comparison to the DFWM 
spectrum and found to be in excellent agreement with the 
experimental data. Finally, we discuss the diffusion of photo- 
carriers in MQWS in order to compare our experimental results 
using picosecond and CW light sources and to present a simple 
model, based on the screening of the Coulomb interaction by 
the electron-hole plasma generated through exciton thermal 
ionization, which accounts qualitatively for our observations. 

11. ROOM TEMPERATURE EXCITONS I N  QUANTUM WELLS 
A recent summary of the band structure of quantum wells 

in zinc blende structure semiconductors can be found in [22].  
For the sake of completeness we restate the main results which 
are valid for all the semiconductors of this family and we 
quote the precise values of the parameters for the case of the 
GaAs/Al,Ga,-,As system. The quantization of the electron 
(e) and hole (h) wave functions in the direction perpendicular 
to the layers ( z ) ,  gives rise to discrete energy levels which are 
labeled by the confinement quantum number j = 1 , 2 , 3 ,  . . .. 
As carriers are free to move in the plane of the layers [X, y ] ,  
two-dimensional subbands are obtained: 

In the approximation of infinite well depth, which is fairly 
accurate for the first few levels, Ei = (+~~/2m?)( jn /L, , )~  where 
L, is the well thickness, as long as this Ej is much less than the 
well depth. For each subband this corresponds to a step-like 
density of states 

g ( E )  = 0 E < E j  

g ( E )  = m;i/n#i2 E 2 Ej. 

The effective mass for the motion parallel to the plane of the 
layer m; is the same as that for motion perpendicular to the 
layers m; only in the case of electrons (e) (m* = 0.067mo for 
GaAs). For holes the situation is more complicated. The four- 
fold degeneracy of the upper valence band (J = 312) islifted by 
the confinement givi~g rise to two hole subbands with m; #m:; 
the so-called heavy hole (hh) (m; = 0.45mo, m; = 0.  lmo for 
GaAs) and the light hole (lh) (m: = 0.08mo, m;f = 0.2mo for 
GaAs) [ l  51. Note that at the present time, no good description 
of the effective masses of the valence bands in quantum wells 
is available for the motion parallel to the plane of the layers. 
In the bulk there is only one exciton built up from the electron 
and the isotopic part of the hole (231. In quantum wells, for 
each electron subband the Coulomb interaction produces two 
excitons involving, respectively, the heavy hole (hh) and the 
light hole (Ih). The optical transition matrix element between 
valence and conduction subbands is particularly large when the 
electron and hole wave functions have a large overlap; this 
occurs when the confinement quantum numbers are the same; 
j, = jh. Therefore, the absorption spectrum of a quantum well 
consists of a series of double steps. one for the hh-e and one 
for the lh-e transitions with Aj  = 0, both presenting an exci- 
tonic structure 1101 -[16]. 

The binding energy of excitons is strongly modified by the 
confinement. In the case of bulk semiconductors, the binding 
energy and the Bohr radius are = -Ry = -e2~*/2e2?i2 and 
a 3 ~  = E A ~ / ~ ~ ~ . L *  where p* is the proper electron-hole reduced W 
mass taking into account the band structure [23] and E is 
the dielectric constant. For GaAs, BJD - - 4.2 meV, and 
2a3D -300 A. The problem of a purely two-dimensional 
exciton can be solved exactly [24], giving for a "flat" exciton 
a binding energy B z D  = - 4Ry.  The structure of excitons in 
MQWS depends on four parameters-the well thickness (L,), 
the barrier thickness (L,), and the electron and hole well 
depths (VcB, VvB).  For very wide wells (L, >2a3,), the 
exciton structure is hardly affected. For moderately thin layers 
and substantial well depths, the average electron-hole separa- 
tion is reduced, resulting in an increased binding energy. How- 
ever, this is achieved by a shrinkage of the whole charge distri- 
bution rather than by a flattening [ l  51 . This is due to  the fact 
that a flattened charge distribution involves a mixture of high- 
lying states which are not energetically favorable. On the other 
hand, there is a nonnegligible penetration of the wave functions 
in the large gap material because VCB and VvB are not infinite. 
In GaAs this is particularly true for the holes since [l01 VCB - 
0.85AEK and VvB --0.15AEg (where Al& is the difference in 
GaAs and Al,Ga,-,As bandgaps) where at room temperature 
AEg - 1 . 2 4 7 ~  (eV). For very thin layers this penetration 
becomes important, the carriers are less and less confined, 
and the exciton structure tends again toward that of a three- 
dimensional exciton [25] . The binding energy of an exciton in 
a MQWS is typically maximum in the range 0.5a3, < L ,  < a 3 ~  
for which, in GaAs/Al,Ga,-,As MQWS, it peaks between 
- 2R, and - 3Ry.  

The width of the exciton peak (F) in high purity crystals 
originates from interaction with thermal phonons, and in polar 
semiconductors it is dominated by LO-phonon broadening. 
Excitons can be resolved from the continuum if the binding 
energy is larger than the linewidth; B > F. Usually the binding 
energy and the Frohlich interaction (which is responsible for 
the LO-phonon exciton scattering), scale approximately in the 
same way as a function of the ionicity and the bandgap. There- 
fore, in bulk semiconductors the condition B > r is only sat- 
isfied at low temperature when the density of thermal LO- 
phonons is small. In MQWS, when the well thickness is not , 
too small(L, > 50 A), the exciton-phonon interaction is hardly 
modified, so that the LO-phonon contribution to the broaden- 
ing is expected to remain similar to that of the bulk compound. 
There is, however, a substantial inhomogeneous broadening 
which originates from the fluctuations of the confinement 
energies caused by unavoidable variations of the layer thick- 
ness of the order of one monolayer [16],  [26]. This is par- 
ticularly important for thin layers (6 E,/& a 6L,/L,). 

It appears from this discussion that by choosing the GaAs W 
layer thickness of the order of L, - 100 A and the aluminum 
content of the order of X - 0.3, it is possible to increase arti- 
ficially the binding energy of excitons without large modifica- 
tion of the thermal broadening and to keep the inhomogeneous 
broadening small enough that the condition B > r is satisfied W 
at room temperature. 

We have reported observation of exciton resonances at room 
temperature [3] ,  [4] in Sample I (the characteristics of the 
samples we have studied are given in Table I). The half width 
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TABLE l 
SAMIJI I CHAKACII KI\II(.S. AI  I 1111 SAMI'I I S  W t  HAVI SIIJI)II I) WI RI 

GROW\: HY MOI t (  0 1  AK BI ,\M EI'IIAXY ou GaAs SI.HSIKAI I-\. T I ~ I  v COYSI\I 
01 N PI-KIOOS 01 GaAs 1 . ~ ~ 1  K \  W I  I 11 THICKII S\ 1.; A Y I )  Al,Gal -,As 
1 . ~ ~ 1  R \  WI I I I  THI(.KN~SS L h  SAUI)WI(.HI I) RI I W I  I Y T w o  Al,Gal ,AS 

IAYI R S  W I  I 11 TIIIC K L ~ S S  L ( .  (THI RI AKI- No CAPS O Y  SAMI'I I I, H O W ~ V I  R.)  

THI T w o  COMPOIINI)~ A K ~  UYI)OI>I I) W I I H  R I \ I I ) I IA I  CARKII K 

C o u c  I U I K A I I O \  < 10l'cm ' FOR I I ~ I  GaAs I.AYFR\ A I I )  5 I O " C ~ '  FOK I H I  

AIJ3al .As L A Y E R S .  

b Sample Number of Periods L, (A) La (A) r L, (A) 

1 at half maximum ( r )  can be measured for the hh exciton on 
the low energy side of the peak of the absorption spectrum. 
Fig. 1 shows the measured values of r for temperatures varying 
between liquid helium and room temperature. The solid line 
represents a fit corresponding to a constant inhomogeneous 
term r0 plus a term proportional to the density of thermal 
LO-phonons with proportionality constant r p h ;  i.e., 

where &Rto = 428 K = 36 meV is appropriate for the GaAs 
LO-phonon; the fitted value of ro = 2 meV is in good agree- 
ment with the low temperature luminescence measurements 
[14],  [ IS] .  That of rph = 5.5 mev is slightly smaller than 
that of bulk GaAs [27] ( rph  - 7 mev), confirming that for 

L these layer thicknesses there is no noticeable increase of the 
LO-phonon-exciton interaction [14]. An example of the 
room temperature absorption spectrum for Sample I1 is shown 
by the crosses in Fig. 2. Not only do the exciton peaks remain 
visible at room temperature, but we have observed them on 
this sample up to 7 0 " ~ .  The low energy edge of the absorp- 
tion spectrum is very abrupt, indeed, too steep to describe the 
excitons by Lorentzian lineshapes. We have found an excellent 
empirical fit (Appendix Al )  to the room temperature spectrum 
(solid line) by using Gaussian line shapes for the excitons and 
a broadened two-dimensional continuum [24] (dashed curves). 
At T = 22°C for this sample, the width of the two excitons is 
r - 3 meV with a separation&?,, - & R h  - 8.5 meV and a bind- * ing energy for the hh exciton of &R, - &Rh - 10 meV. The 
values of the parameters used in the fit are given in Table 11. 

At room temperature, these excitons are therefore in the 
very special situation 

I 1 

0 100 200 300 

, Ji 
TEMPERATURE (K1  

Fig. 1. Temperature dependence of the width of the heavy hole-exciton 
peak for the Sample I. The solid line corresponds to  a fit involving a 
constant contribution describing the inhomogeneous broadening and 
a contribution proportionai t o  the density of LO-phonons (see text). 

Photon energy (eVI 

Fig. 2. Absorption coefficient of Sample I1 near the fundamental ab- 
sorption edge. The crosses correspond to  the experimental data, the 
solid line is an empirical fit, in which the absorption spectrum is de- 
scribed as the sum of two Gaussian excitons and a broadened two- 
dimensional continuum (dashed curves). 

TABLE I1 
PARAMETERS IJSFD I N  (A1.2) T O  0 ~ 1 ~ 1 ~  T l l E  FIT OF T H E  ABSORPTION 

SPE('TRI~M O t  SAMPLF 11. SIIOWN BY T H E  SOLID 1 .1Nt  OF FIG. 2 ( h  H E A V Y  

H O L E ,  / ~ ~ - l ~ l ~ l i ~  H 0 1 - E ,  (' ~ 0 N ~ l N l l l ~ ~ ) .  

a,(lO3crn-') fin, (CV) fiIYmeV) 

h I 1  1.4575 3 

where &RLo - 36 meV, kT - 25 meV, B - 10 meV, and - 3 meV. First of all, because&RLo >B,  the only possible 
outcome of a collision of an exciton with an optical phonon is 
that the exciton is totally ionized into a "free" electron and 
a "free" hole. From the phonon contribution to the room- 
temperature width (Fp - 1.8 meV) we can evaluate the mean 
time to thermal ionization by a phonon from the uncertainty 
principle. Using the form for a Lorentzian line for simplicity, 
we have the mean time to a collision A t = & / r p h  -0.4 PS. 
Therefore, once an exciton is created by optical absorption, it 
will live for less than a picosecond before being ionized by an 
optical phonon. 

Secondly, because k T > B ,  we expect that relatively few 
excitons will be reformed from the ionized state, although this 
needs more detailed justification. If we consider the exciton 
population at room temperature under steady-state excitation, 
it is in thermodynamical equilibrium with an electron-hole 
plasma; X 2  (e t h). The electron, hole, and exciton area1 den- 
sities (i.e., number per unit area) at equilibrium, N,, Nh, Nx, 
can be evaluated from the Saha equation of plasma physics 
adapted to two dimensions, the neutrality condition, and 
particle conservation (see Appendix A2). The ionization ratio 
N,/N, and the total carrier concentration per e x c i t o ~ ~  area 
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( N ,  + N,,)A,y calculated in this Appendix are shown in Fig. 3 
as a function o f  N o ,  the number of created carrier pairs per 
unit area. (The carrier pairs will be either excitons o r  free elec- 
trons and holes, depending on  whether or not they are ionized.) 
The ionization ratio is very large. It varies from 1 for small 
No up t o  0.6 for  No -0 .5  X 10'' cniC2 (i.e., 5 X 1017 cmw3). 
the concentration at  which the probability t o  find one carrier 
in an exciton area is of the order of  7 0  percent. Note that our 
derivation actually underestimates the ionization ratio since it 
neglects the fact that screening at  high densities will reduce the 
number of possible nonionized exciton states. 

We can conclude that,  at room temperature, although strong 
exciton resonances are observed in the absorption spectra, the 
excitons are almost immediately ionized into a charged plasma 
of  electrons and holes which is particularly effective in screen- 
ing the Coulomb interaction. This gives t o  excitons in MQWS 
the unique nonlinear optical properties discussed in the next 
section. 

111. NONI . IN~:AR OI'TIC'AL PKOI'I:RTI~S OF GaAs/AIGaAs 
MQWS AT ROOM TI:MIJF.RATUKI.: 

Many devices for optical signal processing utilize the varia- 
tion of the index of refraction n or of the absorption coeffi- 
cient a induced by an optical excitation. These processes can 
be described in terms of  several parameters; the third-order 
susceptibility X ( 3 ) ;  the nonlinear index o f  refraction 1f2 and 
nonlinear absorption coefficient a 2 ,  or  the changes of  12 and a 
produced by one electron-hole pair per unit volume; n,,, and 
U,/,.  The precise definitions of these parameters as well as 
their relationships are discussed in Appendix A3. Since we 
expect the dominant mechanism for exciton nonlinearities in 
GaAs/AlGaAs MQWS t o  be the screening of  the Coulomb in- 
teraction by a charged plasma, we use a time domain descrip- 
tion and the parameters nPh, aeh. 

In the usual pump-test configuration shown o n  the schematic 
of  the experimental setup (Fig. 4) it is possible t o  measure: 
1) the linear absorption coefficient (1, = 0 ,  I p  small), 2 )  the 
nonlinear absorption ( Ip  >> I, >> AI,), and 3) the intensity of  
the signal beam obtained by diffraction of the pump beam 
from the amplitude and phase gratings produced by the pump- 
test interference (i.e., degenerate four-wave mixing). Three 
lasers were used: a Krypton-laser-pumped oxazine 750  dye 
laser which could Ge operated either CW o r  synchronously 
mode locked, and two different Hitachi HLP1400 laser diodes. 
The dye laser is tunable in the 770-870 nni range and when 
operated mode-locked it delivers a train of  pulses with a dura- 
tion 6 -- 6 ps and a separation A - 12 ns. One diode laser out-  
put consists of  a strong mode around 8 5 0  nm and a further 
group of modes around 849 nm. The other laser diode oper- 
ates at  831  nm. The setup is under computer control and the 
outputs of  the detectors D l . D 2 , D 3 ,  D 4  can be simultaneously 
stored after lock-in amplifier processing [ l  51 as the wavelength 
o f  the dye laser, the power o f  the pump, and the test beams or 
the pulse delay are varied. Samples I1 and 111 were studied and 
presented similar features although the two spectra were dis- 
placed by - 15 meV owing t o  the shifts of  the band edge asso- 
ciated with the GaAs layer thickness difference. 

With the dye laser running mode locked near the hh exciton, 
we could observe the effects of carrier lifetime on  the trans- 

Fig. 3.  Thermal ionization ratio N P / N o  and combined electron and hole 
density pcr cxciton arca (Nc ,+Nh)AX as a function of the number of 
created carrier pairs per unit area N o .  
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1:ig. 4. Schematic of the experimental setup. The laser beams B1 and 
B2 originate either from a dye laser or from a diode laser. The test 
beam can be delayed with respect to  the pump beam. Detectors 
01-04 are silicon photodiodes, choppers C1 and C 2  provide the ref- 
erences for lock-in amplifier signal processing 15).  A1 and A 2  are 
neutral density filters. Depending o n  the beam angle 8 ,  one or two 
lenses arc used to  focus the beams on  the sample. 

mission o f  the test beam as its delay was scanned relative t o  
that of the pump. The test transmission showed the usual step- 
like rise as the test beam pulse arrival time was adjusted from 
before t o  after the pump pulse (with an associated coherence 
spike). However, it showed no measurable fall over several 
hundred picoseconds additional delay, indicating that the 

d 
absorption recovery was much slower than this. The test beam 
transmission did not ,  in fact, completely recover between 
pulses, and the degree t o  which it recovered its value in the 
absence of the pump beam was used t o  estimate the  absorption 
recovery time (and, by assumption, carrier lifetime). Assuming 
an exponential recovery for simplicity, T = A log (TA /TB) where 
TA is the change in test transmission for the test pulse arriving 
just after the pump pulse and TB is the change for the test pulse 1C/ 
just before the pump (i.e., -12 ns after the previous pulse). 
Using this method in Sample I1 we found T = 21 ns for a beam 
waist radius wo = 25  p m  and T = 31  ns for wo = 100 pm.  The 
absorption recovery time is r-l = rkl + T E ~  where 7~ is the 
recombination lifetime and TO is the diffusive decay time. In 
the case of two-dimensional diffusion of  a Gaussian distribu- 
tion which is appropriate for the MQW geometry, 70 = ~ $ 1 8 ~  
where D is the diffusion coefficient so that TR = 32 ns and 
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D = 13  cm2/s. Assuming that the diffusion is ambipolar and 
that the hole mobility y h  is much smaller than that of the 
electrons, so that D - 26 , ,  , we find that p,, - 260 c m 2 / v  . S 

-in satisfactory agreement with the room temperature high 
purity material measurements [28] . 

Fig. 5 shows (a) the linear transmission, (b) the differential 
nonlinear transmission, and (c) the DFWM spectra obtained 
on Sample I1 with the mode-locked laser. The external angle 

*between the pump and the test beam was set t o  0 = 16'. On 
the transmission spectrum, the hh exciton and lh exciton ate 
clearly apparent, and correspond fairly well to  the two very 
contrasted structures of the DFWM spectrum. Conversely, 
the nonlinear transmission spectrum is very complex with an 
increase in transmission at the two exciton peaks and a de- 
crease in  transmission on  each side of the excitons and between 
them. As a function of the delay between the pump and test 

b pulse, the nonlinear transmission spectrum was found t o  vary 
very little for t = 0-25 ps. However, significant DFWM was 
found only in the vicinity of zero pump test delay. This is 
t o  be expected as it is only if the pump and test pulses overlap 
in the sample both spatially and temporally that any grating 
can be formed. O n  scanning the delay, we found the half- 
height width of the DFWM signal t o  be -3.1 ps, consistent 
with the overlap of  6 ps pulses of relatively good coherence. 

For  our experimental configuration, the diffusive decay time 
of the grating is 

TD = (h1471 sin o ) ~  D-' - 185 ps. 

Therefore, as discussed in Appendix A3, the DFWM signal is 
h produced by the N I  carriers generated by one pulse and there 

is no memory from one pulse t o  the other. Conversely, the 
nonlinear transmission is due t o  all the carriers accumulated 
before the test pulse N2 arrives. As a function of N I  and the 
pulse separation we have N2 = ~ , e - ' / ~  [ l  - exp (- A/T)]- l ,  
which does no t  vary strongly as a function of  the delay t (for 
A = 1 2  ns and T = 21  ns, 1.3 < N2 IN, < 2.3). For  an average 
pump power in  the sample of Pp = 140 pW (Ip - 17  W/cm2) 
and average test power P, = 35 yW, the DFWM efficiency (i.e., 
the reflection efficiency of  the test beam into the signal beam) 
at the maximum is p, -- 0.44 X lOW4 and the relative change 
of transmission is p, -- I O - ~ ,  all these values being corrected 
for reflection losses. The quadratic dependence p, a I; was 

i v e r i f i e d  at  the peak of  the DFWM spectrum up t o  Pp = 500 pW: 
above this value apparently the onset of saturation reduces the 
efficiency. As shown in Appendix A3, the microscopic quan- 
tity measured in the DFWM experiment is U =  112 12n/X neh + 
(i/2)ueh I. For these measurements 

In order t o  interpret the nonlinear transmission spectrum we 
w a v e  used the following procedure. As discussed in Appendix 

A1 the absorption coefficient spectrum a ( h o )  is well described 
by the analytical formula (A1.2) and a set of nine parameters 
Z = crh, f l h ,  rh . . .. In the small signal regime they are ex- 
3ected t o  depend linearly o n  the carrier density and, therefore, 

*for a constant pump intensity, also linearly on  the absorption 
coefficient cw(+iw). If we assume that at the frequency of maxi- 
mum absorption cuM the pump-induced photocarriers produce 
a change AZM in a given parameter, then at the photon energy 

exclton rssonances 

z 

PHOTON ENERGY ( e V )  

Fig. 5 .  Experimental spectra of (a) the transmission of the sample, 
(b) the differential nonlinear transmission induced by the pump on  
the test beam, and (c) the intensity of the degenerate four-wave mix- 
ing signal. 

R w  the same pump intensity produces a change AZ(+iw) = 
AZ,cw(.ho)/cwM. At each frequency the change of absorption 
can be calculated from (A1.2) evaluated for the parameters 
Z and Z + AZ(.hw) and compared t o  the experimental spectra. 
It  was surprisingly easy t o  find the excellent fit shown in Fig. 6 
where the crosses correspond t o  the spectra of  Fig. 5(b) cor- 
rected for the small variation of  the laser intensity as its wave- 
length is tuned, and the solid line corresponds t o  the set of 
parameter variations AZM given in Table 111. The fit was easy 
t o  perform because 1) the effects of  the variations of  the exci- 
ton  parameters were found t o  be almost independent for the 
hh exciton and the lh exciton and 2) the continuum parameters 
remained unchanged. This shows that at the power at which 
the experiments were performed the excitons are affected, but 
saturation of interband transitions is not yet reached. The two 
excitons experience a loss of absorption at the peak of  the 
order of  5 percent, which is accompanied, for the hh exciton, 
by  a broadening such that the area of the peak remains fairly 
constant. Both excitons experience a very small shift, which 
is, however, important in obtaining a good fit. Note that al- 
though our empirical fit does not represent a model, it indicates 
that the effect of the pump is directly proportional to  the 
number of carriers it generates. Other attempts (for instance 
AZ independent of .ha) failed to  reproduce the experimental 
data. 

The refractive index and the absorption coefficient are re- 
lated by  the Kramers-Kronig relations [29] , which remain valid 
for a material containing a fixed number of  carriers (for in- 
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Fig. 6.  Pit of the experimental differential spectrum of Fig. 5 as dis- 

cussed in the text (crosses are experimental points). 

TABLE 111 
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1,44 1,45 1,46 1\47 1 \ 4 0  
t 1 
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Photon energy (eV1 l 

l 

1 l v 
Fig. 7 .  Real part (11,~) and imaginary part (aeh) of the nonlinear cross 

section of Sample 11. oeh is derived directly from the fit of the differ- 
ential spectrum shown in Fig. 6 and Table 111; neh is calculated from 
the same fit using the Kran~ers-Kronig relations. 

C 0 o 0 in Fig. 8 is obtained for N I  /N2 = 0.3 whereas the values of 
T and A give N 1 / N 2  = 0.43. This difference is well within the 
accuracy of our measurements. Let us note that the value of 

stance doped material). The absorption coefficient and the 
N 1 / N 2  only affects the amplitude of the predicted DFWM 

refractive index of  a semiconductor containing a fixed number 
spectra which can be reduced by a number o f  factors. How- 1 of photocarriers are therefore also related by the Kramers- 
ever, the most important conclusion of this analysis is the fact 

Kronig relations. The changes of refractive index associated 
that the highly structured u,,,(w) and neh(w) very accurately 

with the change of absorption coefficient is 
describe the shape of the experimental DFWM spectrum. This 

where the symbol P indicates that the principal value of the in- 
tegral has t o  be evaluated. Since empirically interband transi- 
tions do not contribute t o  A a ,  this quantity involves only 
Gaussian functions and An is directly related t o  the plasma 
dispersion function on  which an abundant numerical analysis 
literature exists; this helps in providing an accurate integration 
of (4). The results of  this calculation using the fit of  the non- 
linear transmission and expressed in terms of the convenient 
parameters ueh(w) and neh(w) are shown in Fig. 7. 

A severe test of  the accuracy of the ueh(0)  and neh(w) spec- 
tra is that they should reproduce the experimental DFWM 
spectra. We have checked this in the following way; from 
ueh(w) and neh(w) we calculate the absolute changes of absorp- 
tion and refractive index for the pump laser intensity A d o )  
and An(w), then according t o  the analysis of Appendix A2 
the DFWM spectrum is given by 

where the constant K accounts for the effective number o f  
carriers which contribute to  DFWM as compared t o  those which 
contribute t o  the nonlinear transmission, i.e., K a (Nl/N2)2.  
The excellent agreement with the experimental spectrum shown 

is an indication that they represent pretty well the actual 
behavior and can be used to evaluate operating characteristics 
of devices, such as optical bistable devices, based on  MQW 
samples. The maximum values of  the nonlinearities are very 
large; aeh - 7 X 10-l4 cm-2 ( a 2  39 cm/W) or neh 3.7 X 
10-l9 cm3 (n2 - 2 X 1 0 - ~  crn2/W) corresponding to 
6 X 1 0 - ~  ESU, that is, about 106 times the X ( 3 )  of silicon at  
room temperature. 

Indeed, these figures are so large that nonlinear optical ef- 
fects can be observed with CW laser diodes. The simplest pro- 
cess involving a diode which can be investigated is a nonlinear 
transmission induced by a pump beam from a laser diode 
operating at a fixed wavelength (in this case 83 1 nm)  o n  a tun- 
able test beam from a dye laser. Then, as long as Pp >>P,, the 
number of photocarriers is approximately constant as the test 
beam wavelength is tuned. This experiment complements the 
previous nonlinear absorption measurements where the pump 
beam and test beam were at the same wavelength. Examples 
of the change of transmission and of  a differential spectrum 

W5 

of the nonlinear transmission are shown in Figs. 9 and 10. The 
two spectra of  Fig. 9 were obtained for Pp = 0 and Pp - 5 mW 
whereas the differential spectrum of Fig. 10 was obtained for 
Pp - 290 pW, P, - 38 pW; in both cases, the spot radius was 
W,, - 2 0  pm. For the differential spectrum the number of 
photocarriers was N - 1.6 X 1016 cm-3 and the maximum 
change of absorption coefficient was A a -  103 cm-'. The 
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*~i:. 8. Comparison of the  experimental DI'WM spectrum to  the predic- 
tion of our model. 
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1. 4 4 0  1. 490  
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Fig. 9. Spectra measured with a dye laser test beam at  very low power, 
with (solid line) and without (dashed line) a -5 mW pumping bean1 at 
831 nm from a diode laser. Spot diameter -40 pm. (The fast ripples 
in these spectra are 1,abry-Perot fringes in a thin glass plate covering 
the sample.) 

-1 .01 J 
1 .440  1. 480 

PHOTON ENERGY (R. V) 

Fig. 10. Change in test beam transmission due to  the 831 nm diode 
pump excitation with 290 pW of diode power. 

curve of Fig. 9 can be fitted with the procedure described 
above and constant parameter variations (AZ independent of 
ha).  Again, the continuum contribution does not change and 
the exciton parameter variations giving the best fit are in good 
agreement with those of Table 111. This provides an important 
confirmation of our model of the nonlinear absorption process 
because it demonstrates directly that the change in absorption 
is the same regardless of whether the material is excited at the 
exciton resonances or at some completely different energy. 
This is what would be expected from our proposal that even 
when excitons are created directly they ionize rapidly and the 
change of absorption results from screening by free carriers. 
The absolute change of absorption coefficient at the hh exci- 
ton peak was measured as a function of the pump power up to  
Pp - 5 mW. It was found to vary linearly up to  Pp - 1.7 mW 
( I p  - 270 W/cm2) and then to saturate. 

Finally, a DFWM experiment was performed using the diode 
laser output as the sole light source [6].  The external beam 
angle was set to -1.5" to increase the grating lifetime to 
ri; - 12.5 ns. In order to match the absorption of the Sample 
11 to the diode wavelength (in this case -851 nm) the sam- 
ple was cooled to T -  14.7"C (the temperature at which the 
measurements were made), although the DFWM signal was ob- 
servable between 6 and 22°C. The quadratic dependence of 
the DFWM signal was verified from Pp = 100 pW to  2.4 mW. 
Above this value the onset of the saturation reduces the effi- 
ciency [6 ] .  For a pump intensity Ip  - 17 W/cm2, the con- 
version efficiency is pg - 0.55 X 10-4 ; both of these values 
have been corrected for reflection. In this experiment the ef- 
fective number of carriers which contribute t o  the DFWM is 
Neff - 1016 cm3 (Appendix A3). Because the laser output 
consists of several modes we measure an average of U, i.e., 
(0) - (3.6 f 1.8) X 10-l4 cm2 in very good agreement with 
the result of the experiment with the mode locked dye laser, 
and thus confirming the extremely large nonlinearities of room 
temperature excitons in MQWS. 

The correct description of Coulomb interaction screening in 
semiconductors requires the use of many body theory and is 
beyond the scope of this article. However, it is possible to 
develop a simple model which qualitatively describes the main 
features of exciton saturation at room temperature in a two- 
dimensional geometry. Saturation originates either from the 
exhaustion of the number of available states or from the Cou- 
lomb interaction screening by the electron-hole plasma gener- 
ated directly or through thermal ionization. The exciton wave 
function is built up from states of the Brillouin zone such that 
Ik I < l/ax where ax is the exciton radius (which in a quantum 
well is different from the bulk Bohr radius a3D). This is equiva- 
lent to saying that a density Nx of excitons causes a relative 
decrease of the available states -(l - NxAx)  where A x  = na; 
is the exciton area. The screening of a point charge in a two- 
dimensional electron-hole gas has been discussed + length [30], 
[34].  The case of multiple layer systems is intermediate be- 
tween two- and three-dimensional systems because the electro- 
static interaction between layers is not negligible, and a screened 
potential falls off rapidly at a distance above the Bohr radius. 
We approximate this situation by the following crude model. 
We assume that a point charge acts as a point defect which 
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perturbs the semiconductor locally sufficiently so that excitons nonlinear optical properties of GaAs/AlGaAs MQWS for spe- 
cannot be created within some distance of it [35].  A good cific applications. This material should be considered as only 
evaluation of the size of the perturbed region is again the the first of many. The development of the growth techniques 
exciton area. In the low concentration limit the point defects and the new degrees of freedom recently revealed by the 4 
act independently so that Poisson statistics apply. As shown successful fabrication of strained superlattices and preparation 
in Appendix A2, they induce a relative change of absorption of MQWS with quaternary semiconductor compounds should 
-exy [- (Ne + Nh)Ax] . The total relative decrease of absorp- result in promising new structures and new conditions of 
tion due to the equilibrium between Nx excitons, Ne electrons, operation. 
and NI, holes is W& 

API'I<NDIX A1 

-- a(') W ( l  - NxAx) exp [- (N, + Nh)Ax] (6) ANALYTICAL EXPRE;SSION FOR THE ABSORPTION 
ao COI:I~IICIENT CLOSE: TO THE BAND EDGE 

where Nx, N,, and Nh are implicit functions of a(1). The In a perfect crystal and at T = 0 K the absorption spectrum 
evaluation of (6) is analyzed in Appendix A2; in the small consists of infinitely narrow lines at the exciton energies and 
signal regime it reduces to the simple saturation form a continuum above the band edge. The Coulomb interaction 

4 1 )  
causes an enhancement of the absorption even above the band 

-- 
l 

2 r a  L A (7) edge where the excitons are ionized. This effect is described e. 
a0 I + (  2; x)I by the so-called Sommerfeld factors which, in the case of a 

two-dimensional density of state, can be written [24] 
where aGa is the material linear absorption coefficient when 
only the GaAs layer thickness is considered (see Appendix A2). ~ ( f i ~ )  = 

2 
(A1.1) 

The "saturation intensity" I, = (l/ac,L,)(&w/2~Ax) has a 1 + exp {-2n[(&i2, - . h w ) / ~ , ] - ' / ~ }  

simple physical interpretation. AI  =fio/2rAx is the intensity where f inc is the energy of the continuum edge and R, is the 
which should be absorbed in one exciton area to generate either ~ ~ d b ~ ~ ~  constant of the material = e2p*/2e2+i2. 
an electron or a hole per life time, and IS = AI/acaI~z is the To describe the absorption by the two excitons (lh-e, hh-e) 
intensity which must be incident on the layer in order for A I  and the continuum at room temperature and therefore to ac- 
to be absorbed. For 12, W 100 A, Miller et al. [l11 have ob- count phenomenologically for the temperature and crystal im- 
tained a binding energy B 9 meV which we can deduce perfection broadening we have used the following expression: 
ax W 65 A so that application of (7) to Samples I and I1 gives, 
respectively, 1, - 490 W/cm2 and I, - 190 w/cm2. For such a a(hw) = eXP - (fio - [ (%a - #inl)'] 1 

[ 2(&rhl2 
+ al exp - 

simple model these values compare quite well to I, = 580 W/cm2 2(?fl)2 
for Sample I [S] and Is = 300 W/cm2 for Sample I1 (derived 

+ ac 
from the approximate relationship a, - all,). Although a 
more sophisticated theory might give a better description of &Qc -??W 

the exciton saturation, the quantitative agreement of our crude 
l + e x p (  -h r c  ) 

approach with experiment indicates that it correctly accounts 
X 

2 
for the dominant mechanisms. However, it is not sophisticated (A1.2) 

1 + exp {-27T[Bnc - - ~ ~ w J / R ~ ] - ' ' ~ ) '  
enough to explain why the nonlinear spectra take on the par- 
ticular shape they do. We have not attempted to include separately the two different 

continuum contributions from the Ih and hh subbands. The 
IV. CONCLUSION fit of Fig. 2 corresponds to the values of the parameters listed 

We have shown that by a proper design of multiple quantum in Table 11. Note that this is a semiempirical fit from which 
well structures it is possible to observe excitonic absorption one should avoid extracting too precise conclusions, such as, 
peaks at room temperature. In these unusual conditions, exci- for example, the exact position of the continuum. 

4L 

tons created by optical absorption transform rapidly by thermal 
ionization into an electron-hole plasma with very effective APPENDIX A2 
screening properties. The conjunction of these two mecha- MODEL FOR SATURATION 01: EXCITON ABSORI'TION 
nisms gives to MQWS exceptional nonlinear optical properties. we assume that the exciton, electrons, and holes are in a 
In the small signal regime we have investigated optical non- thermodynamic equilibrium 
linearities by nonlinear absorption and degenerate four-wave 
mixing measurements, from which we have been able to obtain xf  (e + h )  C 
the spectral dependence of the absorptive and refractivecontri- analogous to that of a high temperature hydrogen plasma, lt 
butions.. By performing the first degenerate four-wave mixing is well known in plasma physics that in three dimensions the 
experiment with a commercial laser diode as the light concentrations of particles are related by the saha equation 
source, we have proved experimentally that the nonlinearities N,Nh/Nx = 2(m,kT/2n4j2)3~2 exp (-R,/~T).  T~ transform 
of MQWS can be utilized in the actual c~ndit ions of operation this equation to two dimensions we use the density of 
of optical communication systems. Finally, we have proposed s t a t e s g ( ~ )  = m,*/nh2 and areal particle densities so that 
a simple model which quantitatively describes the saturation 
characteristics of room temperature excitons in MQWS. (A2.1) 

These results give us the design parameters to engineer the Nx nh2 
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where B is the binding energy of the two-dimensional exciton. 
The absorption coefficient of the GaAs layers is aca = a(L, + 

Lb ) I L ,  and the number of photons absorbed per exciton life- - time in one layer is No = rL,aGaI/hw. The particle conserva- 
tion and neutrality conditions are written, respectively, 

Let us consider a sample of area A containing one exciton of 
area Ax. If there is one point charge in the sample the prob- 
ability not to find it within the exciton is P, = 1 - Ax/A; if 
there are R charges acting independently the probability that 
none of them is within the exciton is P = (1 - A ~ / A ) ~ .  Let 
N, + Nh = R/A be the total charge density. Then for large 
,W, + Nh 

Since an area density Nx of excitons fills a fraction "NxAx of 
all possible exciton states, the relative reduction of absorption 
when Nx excitons are in equilibrium with Ne electrons and 
Nh holes is 

To evaluate this equation let us introduce two auxiliary 
variables: u = ~ ~ ( t n , * / r f i ~ ) k T  exp (-BIkT) is a pure number 

-and I, =&w/2L,ac,.rAx giving 

In the limit I -+ 0 this reduces to 

Third-order nonlinear processes related to photocarriers can 
be described in terms of different parameters; the third-order 
susceptibility X ( 3 ) ;  the nonlinear refractive index and absorp- 

i 

tion coefficient n 2 ,  a2 ; and the change of refractive index or 
absorption coefficient per electron-hole pair per unit volume 
n,h, ueh. In this Appendix the three descriptions are related 
nd the formulas used to analyze our experimental data are 

w e r i v e d .  
Let us first consider the time domain description. If an in- 

tensity I(t) is incident on the sample the absorbed intensity 
is IA(t )  = Tal,I(t) where T is the transmission coefficient at 
-tie air-sample interface and I, = S,' e-" dz = (1 - c-,')/a is 

-he effective interaction length taking into account the absorp- 
tion, I being the sample thickness. The carrier density is 

~ ( t  ') exp [- (r - t' )IT] dt '  (A3.1) 

where the decay time T depends both on the recombination 
lifetime TK and the diffusive decay time rO;  r-' = r i l  + rgl. 
For a sinusoidal intensity modulation with spatial frequency 
A (appropriate in DFWM), IG a: cos (2rx/A), the diffusive 
decay time is TD = A2/4nD whereas for a Gaussian distribution 
(appropriate for nonlinear absorption), IA a: exp [- 2(x2 + 
y2) /Wi]  and a two-dimensional diffusion in the [X, y ]  plane, 

TD W ; / ~ D .  In the case of ambipolar diffusion D = 2D,Dh/ 
(D, +D,). 

Accordingly, we introduce two decay times r i l  = 7;' + 
~ D / W ;  and 7;' = TR' + ~ B D / A ~ .  Two configurations are of 
interest: 1) excitation by a CW laser and 2) excitation by a 
train of pulses short compared to the lifetime and separated by 
a time A. 

In case 1) the relevant number of carriers, NA = T(l,/f)(arrA/ 
Aw)I or NG = T(f, /f)(wG/h~Y, is the number of carriers 
accumulated in one decay time. In case 2) the number of car- 
riers generated by one pulse is N, = T(l,/l)(d/fio) where J is 
the energy fluence per pulse. The relevant number of carriers 
is N A , ~ ( t )  = N, e-'/'[l - exp (-A/T)]-' with T = TA or TG 

according to the geometry of the excitation. Note that for 
A >> T, N(0) - N I .  A schematic of the variation of NA,G(t) 
for A - TA >> TG is shown in Fig. l l .  

The nonlinear absorption does not depend on the relative 
phase of the pump and the test fields and all photocarriers 
participate in the process. For Ip >>I,, the transmission of 
the sample at t = 0 is (allowing for two surface reflections) 
pt =I,([, Ip)/It(0) = T' exp (- ( a  + Aa)l) with A a  = aeh Np and 

respectively, for a short pulse and a CW excitation with 
Aa << a. 

The DFWM is sensitive to the relative phase of the pump and 
test fields, so that only the photocarriers coherently generated 
by the pump test interference are effective. The relevant life- 
time is the grating lifetime TG and the diffraction efficiency 
is [36] 

where J ,(x) is the first order Bessel function. In the small 
signal regime for which J(x) + ( 1 1 2 ) ~  a natural parameter 
appears: 

It has the dimension of a cross section and we use it to charac- 
terize the sample nonlinearity. In this case the diffraction 
efficiency is 

respectively, for a short pulse and a CW excitation. On the 
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TIME .t 

Fig. 11. For an excitation by a train of pulses I( t) ,  short compared to  the lifetimes TA and TG and separated by a time 
A as shown on  curve (a), the effective number of carriers for nonlinear absorption NA(t) and degenerate four-wave mixing 
NG(t) are shown o n  curves (b) and (c), respectively. 

simple analytical expressions (A3.2) and (A3.5), corrections waves which originate from the same laser mode are effectively 
for Gaussian beam profile can be exactly accounted for 1381. coupled. In the case 7-' >>(W, - a,), the average intensities 

The relation of this description to  that in the frequency do- also satisfy relations similar to (A5). 
main is straightforward for monochromatic waves. In the case 
where I p  >> I t  the solution of the coupled wave equation is [ 3 ]  REI~ERENCES 

where the nonlinear coupling coefficient is 

In the small signal regime (A3.6) reduces to 
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