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Inhomogeneous broadening of intersubband transitions in In0.45Ga0.55As/Al0.45Ga0.55As
multiple quantum wells
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~Received 16 September 1996!

The contributions of homogeneous and inhomogeneous broadening mechanisms to the linewidth of an
intersubband transition in an In0.45Ga0.55As/Al0.45Ga0.55As multiple quantum well are determined by line-shape
fitting and saturation intensity spectroscopy. An intersubband transition at 327 meV is found with a total
linewidth of 36 meV and an underlying homogeneous linewidth of 14 meV. The sizes of various sources of
inhomogeneous broadening are estimated and the implications for intersubband nonlinear optics are discussed.
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I. INTRODUCTION

Intersubband transitions in quantum wells have been
subject of intense study over the past few years, both
testbed systems for aspects of quantum mechanics and s
state theory as well as for possible applications to infra
detectors,1 nonlinear optical devices,2–7 modulators,8 and
lasers.9 Because of the ability to grow specified potent
structures using molecular-beam epitaxy and other te
niques it has been possible to engineer ‘‘artificial m
ecules’’ with mid-infrared resonances.

Both the linear and nonlinear optical properties of the
systems have, in general, been well described by effec
mass theory with some additional corrections for many-bo
effects.10,11In this framework, intersubband nonlinear optic
properties have been modeled in terms of a set of degen
multilevel systems. An important material parameter
these models isT2, the dephasing time between subban
When calculating the expected nonlinearity of an inters
band system, some authors have assumed that the broad
mechanism is homogeneous and hence thatT2 is simply in-
versely proportional to the full width at half maximum of th
measured intersubband absorption. For nonlinearities in
long-wavelength region, near 10mm, this approximation
may be valid. Several measurements of good-qua
GaAs/AlxGa12xAs multiple quantum wells at these wav
lengths have shown that the intersubband transition is ho
geneously broadened, fitting well to a Lorentzian line sha
with a linewidth of 3–10 meV.12–15

There is, however, a great deal of practical interest
shorter-wavelength intersubband transitions of 5mm or less.
Applications for such transitions include frequen
conversion16,17andx3 effects7 using either mid-infrared lase
diodes or other available near-infrared sources such as
mium, thulium, or erbium solid-state lasers. Sho
wavelength intersubband transitions generally require hig
conduction-band offsets than those available within
550163-1829/97/55~15!/9731~9!/$10.00
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GaAs/AlxGa12xAs system. For example, using the larg
offsets provided by the InxGa12xAs/InxAl12xAs ~Ref. 18!
and InxGa12xAs/AlxGa12xAs ~Refs. 19 and 20! systems,
transitions with wavelengths down to 2mm have been ob-
served. Generally, however, the shorter wavelengths are
companied by larger intersubband linewidths. In good qu
ity, n-type, multiple quantum wells, observed linewidths a
approximately 10% of the intersubband energy.

The increase in linewidth is important because it results
the reduction of the resonant nonlinear susceptibility of th
materials. However, the amount of this reduction, and
way the nonlinearity saturates at high intensity, depends
whether the source of this broadening is homogeneous
inhomogeneous; i.e., whether each region of the quan
well, both laterally and vertically, has an intersubband tra
sition with the same central energy or whether different
gions have different central energies. In the former case,
linewidth is due entirely to dephasing, andT2 can legiti-
mately be related to the inverse of the linewidth. In the lat
case, there is an underlying homogeneous linewidth
must be separated from the inhomogeneous linewidth be
T2 can be determined.

The effect of inhomogeneous broadening on excito
transitions in quantum wells has been examined by sev
workers. In general, inhomogeneous broadening has b
found to be an important effect and has been attributed
variety of sources including well-width fluctuations,21,22 in-
homogeneous strain,23 and alloy clustering.24

There has been much less work reported on the stud
inhomogeneous broadening of intersubband transition12

While many broadening mechanisms are shared between
citonic transitions and intersubband transitions, there
some significant differences. Intersubband broadening
volves the energy levels of just one carrier type, but involv
higher subbands. In addition, there are other broaden
mechanisms such as the effects of impurity doping. In t
paper we model some of the effects of material disorder
9731 © 1997 The American Physical Society
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intersubband transitions and experimentally determine
degree of inhomogeneous broadening in a strai
InxGa12xAs/AlxGa12xAs multiple quantum well sample tha
exhibits a short-wavelength~3.75 mm! intersubband transi
tion. The homogeneous and inhomogeneous linewidths
determined by two independent techniques: line-shape fit
and saturation intensity spectroscopy.

II. SAMPLE PREPARATION

The sample we examined was grown by molecular-be
epitaxy and consisted of 50 periods of a structure with
40-Å In0.45Ga0.55As well and an 80-Å Al0.45Ga0.55As barrier.
The wells were uniformly doped with silicon to a sheet c
rier concentration of 6.631011/cm2 as determined by the in
tegrated absorption fraction of the intersubband transit
In0.45Ga0.55As is highly lattice mismatched to Al0.45Ga0.55As.
To compensate for this mismatch the multiple quantum w
~MQW! was grown on a linearly graded buffer.20,25The sub-
strate was semi-insulating 001 GaAs. The buffer was gra
from GaAs to In0.25Ga0.75As with a 15%/mm grade. The final
indium fraction of the buffer was somewhat larger than
average of the MQW.20 Because of residual strain in th
buffer26 this produces a better match to the average lat
constant of the MQW. The substrate growth temperature
kept constant at 400 °C for both the buffer and multip
quantum well growth. The surface of the quantum well w
smooth and specular to the naked eye. Similar sam
grown with a buffer linearly graded to 30% indium show
much rougher, cloudy surfaces and had intersubb
linewidths approximately twice as broad.

The intersubband absorption was measured in a Fou
transform infrared~FTIR! spectrometer withp-polarized
light at Brewster’s angle. In order to increase the absorp
length of the intersubband transition for the saturation m
surements, we cleaved three pieces of the wafer and for
a stack. Without care, this can cause a form of inhomo
neous broadening due to radial variations in the growth
of the wafer. To avoid this problem all three pieces we
cleaved from sections of the wafer equidistant from the c
ter. Separate FTIR spectra of each piece showed that
had the same shape and full width at half maximu
~FWHM!. Their peaks differed in energy by less than 1 me
The spectrum of the stack showed no etalon fringing
Brewster’s angle. The spectrum is shown in Fig. 1.

The central energy of the intersubband transition is at
meV with a FWHM of 36 meV. The relative linewidth o
11% is on par with the best reported in these materials20 and
is indicative of the high quality of the sample.

III. MODELING OF THE BROADENING
OF THE INTERSUBBAND TRANSITION

The intersubband linewidth is determined by many fa
tors, some of which act to homogeneously broaden the l
such as phonon and impurity scattering, and some of wh
act to inhomogeneously broaden it. As with excitonic broa
ening, many of the mechanisms can contribute homogene
or inhomogeneous broadening depending on their scale
the degree of localization of the carriers. For example, sm
scale fluctuations in the well width homogeneously broad
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the line whereas larger-scale island formation or well-to-w
fluctuations inhomogeneously broaden it. While the ex
nature of the intersubband broadening will depend on
structure and growth conditions of the sample, we can r
sonably estimate the possible sizes of various contributi
by modeling the effects of various material parameters u
the intersubband energy levels.

Towards this end, we solved for the energy levels a
wave functions of the MQW, including many-body effect
using a self-consistent transfer matrix code. Nonparaboli
was accounted for using an energy-dependent effec
mass.27 The effects of the Hartree and exchange potent
were added to the structural potential of the quantum w
and carriers.10,11

The net Hamiltonian of the system in this approximati
is

H 2\2]2

2m* ~z!]z2
1VQW~z!1VH~z!1Vxc~z!J C i5EC i ,

~1!

wherez is the coordinate perpendicular to the plane of t
quantum wells,m* (z) is the in-plane effective mass,VQW(z)
is the structural potential of the quantum well,VH(z) is the
Hartree potential,Vxc(z) is the exchange-correlation poten
tial, andCi is the envelope wave function.

The Hartree potential is determined by solving Poisso
equation

VH~z!5
e

ee0
E

2`

z

~z2z8!r~z8!dz8, ~2!

wheree is the electronic charge,e is the relative permittivity,
e0 is the permittivity in vacuum, andr(z) is the charge den-
sity which can be expressed as

r~z!5e@ND~z!2n~z!#, ~3!

where

n~z!5(
i
ni
2duC i~z!u2,

FIG. 1. Experimental~Expt! absorption spectrum of the quan
tum well sample usingp-polarized light at Brewster’s angle, alon
with best fits to a Lorentzian~Lorentz.! and Voight line shape.
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n i
2d is the sheet density for each sublevel, andND(z) is the

dopant ion density.
The exchange-correlation potential is approximated in

local-density approximation using the interpolation sche
of Hedin and Lundquist.28 Then the potential is

fxc~z!52F11
0.7734r s

21
lnS 11

21

r s
D GF 2

par s
GRy* , ~4!

where

r s5
1

a*A3 4pn~z!/3
, a*5

4pe\2

m* e2
,

a5A3 4/9p, Ry*5
e2

8pea*
.

Because InxGa12xAs and AlxGa12xAs are not lattice
matched, the effects of strain must be taken into acco
This is done by first choosing an average lattice constant
the whole quantum well structure as determined by the
early graded buffer. This lattice constant, along with the
rameters and theory described by Arentet al.,29 are then used
to calculate the effects of strain on the band gaps. A str
dependent effective mass determined from cyclotron re
nance measurements of InxGa12xAs/AlxGa12xAs pseudo-
morphic structures30 was also included.

Because several of the terms in Eq.~1! depend upon the
wave functions of the carriers, a self-consistent solution m
be obtained by iterative means. We began by setting
contributions of the Hartree and exchange-correlation po
tials to zero. The wave functions of the subbands were t
determined using the transfer matrix method. The Hart
and exchange-correlation potential were calculated us
these wave functions and added to the potential. The solu
was iterated until the energy levels changed by less than
meV.

The intersubband transition energy can also be shifted
depolarization and excitonlike effects. We calculate th
shifts using the formulation of Ando.31 The intersubband
transition energy is shifted to

Ẽ i j
25Ei j

2 ~11ai j2bi j !, ~5!

where Ei j5Ei2Ej is the intersubband transition energ
given by the solution of Eq.~1!. ai j accounts for the depo
larization shift and is given by

ai j5
2e2~nj

2D2ni
2D!Si j

ee0Ei j
, ~6!

where

Si j5E
2`

`

dzS E
2`

z

dz8C i~z8!C j~z8! D 2
andbi j accounts for the excitonlike shift and is given by

bi j5
22~nj

2D2ni
2D!

Ei j
E

2`

`

dz C i
2C j

2 ]fxc

]n~z!
. ~7!
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Finally, relaxation times between intersubband lev
were calculated based upon LO phonon scattering using
calculated wave functions.

We applied this model to the structure described in S
II. For the specified growth parameters the model predicts
energy of 335 meV for the level 1 to level 2 intersubba
transition, quite close to the measured value of 328 m
The dipole moment for this transition is 1.1 nm. The go
agreement between the model and sample indicate tha
most important effects determining the intersubband ene
have been taken into account.

Using this model, we considered some of the most lik
sources of broadening. One of the most widely stud
broadening mechanisms for excitonic states is well-wi
fluctuation. These generally consist of monolayer sh
about the design thickness and may occur from one wel
the next, or laterally through the formation of islands. For t
intersubband structure described above, these are also o
the largest potential contributors to the intersubband li
width. For a~21! monolayer change in well width we ca
culate a shift in the intersubband energy of 19.7 meV, wh
for a ~11! monolayer shift we calculate a change in ener
of 219.0 meV. Gammon, Shannabrook, and Katzer p
formed spatially resolved studies of excitonic line broade
ing by well-width variations and showed that the energy sh
could be either discrete, corresponding to integer monola
changes in well width, or continuous, depending upon
size of the islands.22 Thus these fluctuations may produce
spectrum composed of well-resolved peaks or, as we
serve, a single broad peak. The sizes of the energy shifts
to well-width fluctuations are suggestive, since they cor
spond closely to the total linewidth seen in the spectru
Fluctuations of more than61 monolayer seem unlikely in
this sample since they would produce approximately tw
the linewidth observed~though they may explain the larg
linewidth seen in samples grown with nonoptimal buffer!.
The importance of well-width fluctuations is not surprisin
in the narrow wells needed to produce short-wavelength
tersubband transitions. Weisbuchet al. predicted a 1/L3 de-
pendence of linewidths based upon an infinite square w
model.32 In actual systems, the dependence on well width
not as strong due to the effects of nonparabolicity and
cause of the finite barrier height.

While well-width variations are probably the domina
broadening mechanism, several other effects can contri
to the linewidth. High-indium content InxGa12xAs/
Al xGa12xAs quantum wells allow very short-wavelength in
tersubband transitions because of their large conduct
band offset. However, this is achieved at the cost of strain
the InxGa12xAs and AlxGa12xAs layers. While using a
graded buffer helps a great deal in material quality, the
fects of lateral or well-to-well inhomogeneous strain m
still broaden the line. The largest effect of strain on the
tersubband energy comes from changes in the effective m
of the electron through shifts in the band gaps of the ma
rials. We assume, in our model, that the effective mass of
strained material can be related to that of the unstrained
terial by30

mst*5mS 11
DEg

Eg
D , ~8!
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wheremst* is the strained effective mass,Eg is the unstrained
band gap, andDEg is the shift in the band gap introduced b
strain.

Raman studies of In0.17Ga0.83As/GaAs quantum wells
grown on GaAs have shown that lateral strain islands fo
with a size of about 30mm.23 Similar studies have not ye
been performed on high-indium InxGa12xAs/AlxGa12xAs
structures grown on graded buffers. As mentioned abo
calculations of transition energies require an estimate of
lattice constant. To estimate the maximum possible ene
shift due to inhomogeneous strain, this lattice constant
allowed to vary between the two extremes of that of GaAs
that of In0.45Ga0.55As. The maximum total shift in intersub
band energy predicted by our model is then 21 meV.

Because we use ternary alloys for both our well and b
rier material, statistical variation, as well as long term dr
of the alloy concentration must be considered. Singh
Bajaj have studied this problem for excitonic lin
broadening.24 They showed that the exciton is affected by
statistical fluctuation of the composition of the alloy th
depends upon the volume of the exciton and the cluster
of the alloy. Studies of alloy disorder in In0.5Ga0.5As by Di-
moulaset al. have shown a cluster size of about 10 Å.33 To
estimate the fluctuations in the composition of the well al
we need to specify a sensing volume for the electron. Thi
a complex problem, but for a crude estimate we assum
size in thez dimension defined by the well width and in th
transverse dimension by the mean free path of the elec
~about 400 Å!. This predicts a fluctuation ofx, the indium
content, of62%, which yields a shift in intersubband energ
of about 6 meV. Alloy fluctuations of the aluminum conte
of the barriers have a similar magnitude and a somew
smaller effect on the intersubband energy. In addition to
tistical fluctuations, long term drift of the growth rates, pa
ticularly of the aluminum, may produce well-to-well chang
in alloy composition, but this effect is harder to quantify a
will depend on the individual molecular-beam epita
~MBE! machine.

Finally, we consider band nonparabolicity as an inhom
geneous broadening mechanism. Because the dispersio
the first and second subbands are different, the separatio
the subbands becomes a function ofkT , the transverse mo
mentum. In a simple, single-electron picture, this effe
would cause a broadening of the intersubband transitio
our sample of about 10 meV. However, unlike all the oth
broadening mechanisms we have discussed, band nonpa
licity is inherently a many-body effect. Experimental an
theoretical investigations of inhomogeneous broadening
to nonparabolicity suggest that the single-electron pict
significantly overestimates the size of the effect. Von A
men, in a many-body calculation of nonparabolicity broa
ening, showed a reduction by a factor of 5 over the sing
electron calculation.12 This is borne out by experimen
Several experimental studies of the linewidths of inters
band transitions in heavily doped GaAs/AlxGa12xAs quan-
tum wells have shown total linewidths near to or smal
than the linewidth contribution of nonparabolicity in th
single-electron picture13,14 alone. We have also seen empi
cal evidence that nonparabolicity is overestimated in
single-electron picture. Single-electron nonparabolic
broadening should produce a line with a very strong asy
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metry on the low-energy side, which is not seen in o
sample. In addition, a sample identical in structure to t
described in Sec. II, but with half the doping, showed t
same linewidth, whereas a single-electron picture of non
rabolicity broadening would predict a drop in linewidth
Other, very heavily doped, InxGa12xAs/AlxGa12xAs quan-
tum wells that we have grown have showntotal linewidths
smaller than the single-electron nonparabolicity broaden
In sum, we conclude that nonparabolicity is probably dom
nated by other broadening mechanisms, such as well-w
fluctuations, in our sample.

To conclude this section, we note that most of the inh
mogeneous broadening mechanisms described above c
shifts in the subband levels that are proportional to the
ergy of these levels, consistent with the rule of thumb t
the intersubband linewidth in good-quality material is abo
10% of the energy.

IV. LINE-SHAPE FITTING

Spectroscopy and saturation intensity studies of go
quality GaAs/AlxGa12xAs quantum wells with intersubban
transitions near 10mm have shown them to be homog
neously broadened with linewidths between 3 and 10 m
depending on temperature and doping profile.15,34,13,35,36The
line shapes of the intersubband transitions in these mate
are well fit by a Lorentzian. Thus, as a starting point f
approximating the effect of inhomogeneous broadening,
begin with a Lorentzian line shape. Figure 1 shows the m
sured spectrum of our sample as well as a Lorentzian fi
the spectrum. A nonlinear least-squares fitting algorithm w
used and the peak location and linewidth were allowed
vary with the constraint that the integrated absorption fr
tion was equal to the experimental curve. As can be seen
Lorentzian gives a poor fit, characteristic of a line that
inhomogeneously broadened: the peak is overestimated
the linewidth is underestimated. The Lorentzian fit
strongly rejected byx2 analysis.

The broadening mechanisms described above arise f
random material fluctuations and are for the most part unc
related with each other. This sort of broadening is in gene
well described by a Voight profile: the convolution of
Gaussian with a Lorentzian. In gas spectroscopy Voight p
files are often used to describe lines that are Dopp
broadened.37 In addition, Kaushik and Hagelstein have us
Voight profiles to describe the exciton line shape in quant
wells.38

The absorption due to a line with a Voight profile can
described by

aV~E!5S 4 ln2pG I
D 1/2E

2`

`

expF ~24 ln2!2SE82Ec

G I
D 2G

3aHgH~E,E8!dE8, ~9!

where the homogeneous line-shape function is

gH~E,E8!5F GH
2

4@~E2E8!21~GH/2!2#
G , ~10!

GI is the inhomogeneous linewidth,Ec is the center fre-
quency of the inhomogeneous distribution,aH is the absorp-
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tion coefficient of the underlying homogeneous line sha
andGH is the homogeneous linewidth.

We fit the spectrum of our sample using a Voight profi
to determine the underlying homogeneous and inhomo
neous linewidths. The best fit was for aGH of 11.5 meV and
aGI of 32 meV. As can be seen in Fig. 1 the fit is quite goo
Acceptable fits~as determined by the variation ofx2! could
be obtained for values ofGH between 9 and 14 meV. Thi
value of homogeneous linewidth is consistent with inters
band transitions at 10mm in well-doped GaAs/AlxGa12xAs
samples at room temperature. It is three times smaller t
the total linewidth of the intersubband transition in o
sample, 36 meV. Thus line-shape analysis indicates tha
sample is heavily inhomogeneously broadened.

V. INHOMOGENEOUS SATURATION THEORY

While detailed line-shape fitting is a powerful techniq
for determining the homogeneous and inhomogeneous
widths of a transition, it is desirable to have an independ
alternative technique. A widely used approach for gase39

and some solids40 is hole burning spectroscopy. This tec
nique requires a tunable source and a fixed source or,
Doppler-broadened lines, a tunable source that is split
counterpropagating beams.

When only one tunable source is available, an alterna
to standard hole burning spectroscopy is to measure
wavelength dependence of the saturation intensity. In a
mogeneously broadened two-level system the absorp
saturates as

a~E,I !5
aHgH~E,E0!

11I /I SH~E,E0!
, ~11!

whereE is the photon energy,E0 is the central energy of the
transition, andI is the laser intensity.I SH is the homoge-
neous saturation intensity defined by

I SH5
e0nhcGH

8pm2tgH~E,E0!
, ~12!

wherem is the effective dipole moment of the transition~in-
cluding any polarization coupling!, t is the relaxation time
for the excitation,n is the index of refraction,h is Planck’s
constant, andc is the speed of light.

In a homogeneously broadened system, the saturation
tensity as a function of photon energy varies asgH(E,E0)

21,
increasing as one moves away from line center. In a co
pletely inhomogeneously broadened system, where the in
mogeneous linewidth is much larger than the homogene
the system saturates asa0 /A11I /I SI, where I SI is a con-
stant, and the saturation intensity is independent of pho
energy.

In an intermediate case, again assuming a Gaussian
tribution for the inhomogeneous broadening, we must
merically integrate Eq.~11!. The expression for the saturate
absorption in the intermediate case is
,

e-

.

-

an

he

e-
nt

or
to

e
he
o-
n

in-

-
o-
s,

n

is-
-

a in hom~E,I !5S 4 ln2pG I
D 1/2E

2`

`

expF ~24 ln2!2SE82Ec

G I
D 2G

3F aHgH~E,E8!

11I /I SH~E,E8!GdE8. ~13!

By measuring the saturation intensity of an absorpt
feature as a function of the photon energy we can determ
the homogeneous and inhomogeneous linewidths. This t
nique is distinct from line-shape fitting and thus provides
independent measure of the linewidths.

The use of Eq.~11! or Eq. ~13! to fit the saturation of an
intersubband transition amounts to approximating the qu
tum well as a set of degenerate two-level systems. This
proach has been used successfully in numerous satur
experiments on homogeneously broadened intersubb
transitions.34,36,41 In addition, a detailed Monte Carlo simu
lation of intersubband relaxation by Newson and Kurobe42

including the effects of intersubband, intrasubband, and
tervalley relaxation, showed that the steady-state satura
of the absorption was very well described by a two-lev
homogeneous saturation expression.

Deviations from the two-level model can occur if th
change in the population of the subbands significantly al
the energy difference or matrix elements between the s
bands. This can arise from changes in the Hartree pote
due to the different spatial distributions of the carriers in t
subbands or due to a decrease in the depolarization shif43

Using the model described in Sec. III, we calculated
changes in the intersubband energy due to laser excita
At the saturation intensity we found the shift to be negligib
~less than 1 meV!. The energy shift is small because Sta
effects due to changes in the Hartree terms are sma
square, well-doped, quantum wells. Shifts due to the de
larization and excitonlike effects are also reduced compa
to wider quantum wells because of the smaller overlap of
ground- and excited-state wave functions. Thus we concl
that Eq. ~13! should be a good model for saturation of a
inhomogeneously broadened intersubband transition.

VI. INHOMOGENEOUS SATURATION EXPERIMENT

To measure the saturation intensity of our sample a
function of photon energy we performed the following e
periment. A KTiOPO4 ~KTP! optical parametric oscillator
~OPO! pumped with the 1.06-mm line of a Q-switched
Nd:YAG ~YAG denotes yttrium aluminum garnet! laser was
used to provide a strong, tunable mid-infrared laser pu
The orthogonally polarized signal and idler beams from
OPO were separated using a set of ZnSe plates set at B
ster’s angle. The mid-infrared idler beam from the OPO w
then spatially filtered to ensure good mode quality. The id
beam was split into two parts. The first was sent to a py
electric detector placed before the sample. The rest of
beam was focused onto the sample. After transmission
second, matched, pyroelectric detector measured the tr
mitted energy. Both detectors were connected to a ratiom
that exhibited a precision of60.1%. We tuned the OPO to
six photon energies that overlapped the intersubband abs
tion feature shown in Fig. 1. At each photon energy t
transmission of the sample was measured as a functio
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FIG. 2. Measured saturated absorption versus peak laser intensity and best fit at several photon energies.~a! 353 meV.~b! 348 meV.~c!
342 meV.~d! 336 meV.~e! 327 meV.~f! 323 meV.
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incident power. The transmission was determined by ave
ing 100 shots from the OPO using the ratiometer. Th
transmission measurements were taken at each power t
termine the experimental error. The spatial profile of t
beam was determined at each photon energy using a
3128 pyroelectric camera and beam profiling software. T
beam was slightly elliptical with a horizontal diameter of 4
mm, a vertical diameter of 580mm, and a Raleigh length o
about 2 cm. The temporal profile of the beam was also m
sured at each photon energy. The approximately Gaus
pulse envelope had a width of 5 ns.

Because the OPO did not operate on a single longitud
mode, it was also necessary to determine the underlying
time structure of the pulse that arose due to beating of
longitudinal modes. It is well known from nonlinear fre
quency conversion studies that a multimode laser source
g-
e
de-
e
28
e

a-
an

al
st
e

an

act as if it has an effectively higher intensity than that det
mined by its pulse envelope.44 We measured this statistica
enhancement of the intensity directly, by doubling the sig
beam of the OPO and measuring the spiking on a str
camera. We then numerically integrated Eq.~13! to deter-
mine the enhancement of the intensity.

The saturated absorption-length product as a function
peak OPO intensity for each of the photon energies is sho
in Figs. 2~a!–2~f!. We performed a nonlinear least-squares
of Eq. ~13! integrated over the measured spatial and temp
profiles of the beam. In fitting the data, the value ofaH was
determined by the FTIR absorption spectra and the valu
m was determined by the transfer matrix model of the str
ture. We used the following procedure to determine the b
values forGH andGI : We fixed a value ofGH and then fit the
FTIR absorption spectrum with the Voight profile, Eq.~9!, to
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determine the value ofGI that best matched the spectrum
Using a range of values forGH between 6 and 18 meV w
produced a set ofGH-G I pairs. We then used these pairs
Eq. ~13! and fit the saturated absorption data for each pho
energy witht, the intersubband relaxation time, as the fitti
parameter. When using the correct choice ofGH-G I pair the
fitted value oft should be the same, within experiment
error, for all values of photon energy. The error in the fi
was determined by Monte Carlo resampling and fitting of
data.45We found that aGH-G I pair of 14–29.9 meV gave the
best results. The fitted value oft as a function of photon
energy is shown in Fig. 3 along with the theoretical valu
assuming LO phonon scattering, of about 1.5 ps. For va
of GH between 10 and 16 meV most though not all of t
fitted values oft were within experimental error of eac
other, so this range represents the uncertainty in our m
surement.

To further illustrate the difference between the saturat
that we observe and that expected in a homogeneo
broadened system we compare the dependence of satur
intensity on photon energy. For a homogeneously broade
system the absorption drops to half its small signal value
the saturation intensity. An inhomogeneously broadened
tem has a different functional dependence, but we can de
an effective saturation intensity as that intensity at which
absorption is half its small signal value. In Fig. 4 we sho

FIG. 3. The value oft, the intersubband relaxation time vers
photon energy, as determined by the fit of the saturation cur
compared to the theoretical value~horizontal line!.

FIG. 4. Measured effective saturation intensity versus pho
energy compared to theoretical calculations assuming a hom
neously and inhomogeneously broadened system.
n
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the ratio of the saturation intensity at a given photon ene
to that at line center. Both the experimental and theoret
values are shown. The two theoretical curves correspo
respectively, to a homogeneously broadened system wi
linewidth of 36 meV, and to an inhomogeneously broaden
system with a homogeneous linewidth of 14 meV and
inhomogeneous linewidth of 29.9 meV. Clearly the system
much better described by the inhomogeneous curve.

VII. DISCUSSION

Both line-shape fitting and saturation intensity measu
ments on our sample agree, to within experimental error,
the homogeneous linewidth of the sample is 11–14 m
about one-third of the total linewidth of the transition. Th
good agreement between the two methods is important
only as additional confirmation, but also because it indica
that line-shape fitting alone should be a reliable method
determining the underlying homogeneous linewidth. Lin
shape fitting is a much simpler technique than saturation
tensity measurements and does not require a strong tun
source.

In addition to contributing to the fundamental understan
ing of broadening mechanisms for intersubband transitio
the degree of inhomogeneous broadening is of importa
for applications which make use of the nonlinear optic
properties of intersubband transitions. For the same valu
FWHM, the nonlinear susceptibility of a resonant syste
that is inhomogeneously broadened may be larger than
of a system that is homogeneously broadened. This is
played in Fig. 5, which shows theoretical calculations ofx2

for two doubly resonant intersubband systems.3 For the cal-
culation, we assumed that one system was homogeneo
broadened on both transitions and that the other system
inhomogeneously broadened on both transitions. For the
homogeneous case we assume a total linewidth equal to
homogeneous case with an underlying homogeneous
width that is half the total linewidth. As can be seen, thex2

of the inhomogeneous system is two and a half times as la
at resonance. We also assumed that the inhomogen
broadening on both transitions was anticorrelated. That
that a material fluctuation shifted the transitions in oppos
directions. For real systems the correlation will be mo
complex.

s,

n
e-

FIG. 5. Theoretical value ofx2 for an inhomogeneously and
homogeneously broadened system.
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In addition to the effect of inhomogeneous broadening
the size of the nonlinearity, there will be an effect upon t
saturation of the conversion efficiency. Several theoret
treatments of the optimal conditions for frequency conv
sion efficiency using intersubband systems have consid
the effects of saturation to determine the optimal detuni
of the fields from resonance.46,47 These treatments have a
sumed that the system saturates homogeneously. Since
have been applied to the problem of doubling the freque
of 10-mm radiation, this is probably a valid assumptio
However, these calculations will not apply to a system tha
inhomogeneously broadened, for example to the problem
difference frequency generation using short-wavelength
tersubband transitions.17 The inhomogeneous system w
saturate more slowly, increasing the conversion efficien
On the other hand, detuning from resonance will have l
advantage since the saturation intensity does not go u
rapidly away from line center. Experimental measureme
and a theoretical model, of the effects of inhomogene
broadening on intersubband frequency conversion, p
formed in our laboratory, will be published elsewhere.

The strong dependence of nonlinear optical propertie
intersubband transitions on thenatureof the broadening in-
dicates that material systems should be evaluated based
line-shape fitting rather than simple measures of the
width at half maximum. In particular, techniques such
growth interrupts, which can change the roughness spec
of interfaces, or barrier doping may not appreciably chan
the total linewidth of a system but may change the app
J
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tionment of that linewidth between inhomogeneous and
mogeneous mechanisms and significantly affect the non
ear susceptibility.

VIII. CONCLUSION

We have determined the underlying homogeneous li
width of a short-wavelength intersubband transition in
strained InxGa12xAs/AlxGa12xAs quantum well. The transi-
tion, at an energy of 328 meV, had a total linewidth of
meV and a homogeneous linewidth of between 11 and
meV. Both line-shape fitting and saturation intensity sp
troscopy agree to within experimental error. Th
InxGa12xAs/AlxGa12xAs material system is of technologica
importance because it has produced the narrowest linew
short-wavelength intersubband transitions, so these res
have practical significance. In addition, we expect that ma
of the features and broadening mechanisms we have fo
will be present in other systems that display sho
wavelength intersubband transitions as well. While str
may not occur in all systems, the effects of well-width var
tions will always be present.
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