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ABSTRACT

A high contrast, low intensity GaAlInAs/AlInAs multiple quantum well
asymmetric Fabry-Perot reflection modulator for operation at 1.3 /xm has been
demonstrated. The reflection modulator takes advantage of the large absorptive and
refractive nonlinearities associated with saturating the heavy-hole exciton resonance. We
achieve an on/off contrast ratio in excess of 1000:1 (30 dB) and an insertion loss of 2.2
dB at a pump intensity of 30 kW/cm2, corresponding to a carrier density of 4.5 x 1017
cm'3. The modulator was demonstrated to have a large operating bandwidth, achieving
an on/off contrast ratio of greater than 100:1 over a 5 nm optical band. The operating
speed of the modulator was measured and found to approach 1 GHz.
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CHAPTER 1
INTRODUCTION
The development of optical processing and interconnection systems has resulted
in the need for the development of high performance optical processing elements.
Indeed, with the advent of optical fiber technology, optical networks and interconnects
are quickly making the transition from the electronic to optical domain. The bandwidth
available in optical fibers ( > 1 THz) is forcing the transition from designing systems that
conserve electrical bandwidth to designing systems which fully utilize the optical
bandwidth available.

For example, techniques such as soliton pulse propagation in

optical fibers has lead to the ability of transmitting optical pulses or bits over hundreds
of kilometers of fiber at bit rates exceeding 2.4 Gbit/s.1 Obviously, the ability to process
these bits at the receiver will call for the elimination of the bandwidth limiting
electronics, i.e. the electronic bottleneck, and the development of devices and systems
which have the ability to process these bits directly in optical form.
The ability to process optical bits directly is particularly important for optical
interconnects based on routing packet switch architectures. In packet switches, a data
packet is usually composed of the packet header which contains information such as the
destination address, priority bits, and packet length bits, followed by high data -rate
packetized data. In many cases the packet header is at a lower data rate and can he
easily processed electronically. However, packetized data can have data rates as high
as 2.4 Gbit/s, as in the SONET (Synchronous Optical Network) protocol and is not easiU

processed by electronics.
A useful architecture for performing optical routing is the NxN crossbar
architecture shown in Fig. 1-1. The system is composed of N input channels which are
fanned-out and imaged onto an NxN array of binary optical shutters. Ideally, the two
states of the shutters are fully transmissive and fully opaque. The N channels are fannedin in the direction perpendicular to the fan-out direction. Routing is accomplished by
locating the crosspoint of the desired input channel with its destination channel on the
shutter array and putting that particular shutter in the transmissive state.

A detailed

analysis of the operation of such a crossbar architecture has been performed previously.2
An important point to note is that the optical data packets stay in optical form throughout
the switch, hence avoiding the electronic bottleneck at the shutter array.
The performance of the crossbar architecture is dependent on the operating
characteristics of the optical shutter array. Of particular importance is the on/off contrast
ratio of the shutters and the speed at which the shutters can be reconfigured.

The

contrast ratio must be high enough to reject the signals from the undesired channels. If
the contrast is not high enough, bit errors will result at the channel receiver, thus
degrading the performance of the switch. It can be shown that the contrast ratio must
be at least N:1 to have optimum switch performance.3 Obviously, the contrast ratio is
one of the primary limiting factors in the operation of an all-optical crossbar switch. For
instance, if the maximum contrast of each shutter is 16:1, the maximum number of input
channels the switch can optimally route is N = 16.
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NxN Optical Shutter Array

Figure 1-1

Schematic of a NxN optical crossbar packet switch.

In most cases, a Spatial Light Modulator (SLM) is used as the shutter array for
free-space switches. However, SLMs which use polarization rotation effects, such as
liquid crystal and magneto-optic materials, typically have low contrast ratios, high
insertion loss, and low speeds. Another more severe problem is the incompatibility with
the communications wavelengths of 1.3 and 1.5 /xm. Typically, SLMs which use the
magneto-optic effect and liquid-crystal technology perform optimally in the visible
wavelength region. This is hardly compatible with the near infra-red wavelengths which
optical communication systems utilize.
A more viable technology for near infra-red SLMs are optical semiconductor light
modulators which take advantage of the large refractive and absorptive nonlinearities at
wavelengths near the semiconductor bandedge. In particular, Multiple Quantum Well
(MQW) materials offer the advantages of larger nonlinearities than their associated bulk
counterparts and the ability to tune the bandgap, and hence wavelength region of the
nonlinearities, t o the desired

wavelength region via the quantum-size

effect.

Semiconductor MQW materials such as the GaAlInAs/AlInAs system offer the capability
to produce semiconductors with optical nonlinearities in the 1.3

m region4"7 and are

suitable for use in fiber-based and free-space optical interconnects and packet switches.
In this thesis, we report the design, fabrication, and experimental demonstration
of a reflective, nonlinear light modulator surtabb for use in optical crossbar packet
switches at wavelengths in the 1.3 fim region. Figure 1-2 illustrates how a reflective
shutter array might be used in an
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Figure 1-2 Schematic illustrating how a reflective shutter (modulator) array could be
used in an optical packet switch.
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NxN optical crossbar packet switch. Optical packets from the N input channels are
incident on the reflective modulator array. To select a crosspoint, an optical control
pulse changes the state of the shutter from opaque to reflecting. The desired optical
packet is reflected and processed by the remainder of the switch hardware, thus
completing the routing function.

The choice of a 1.3 /xm operating wavelength is

primarily driven by Local Area Network (LAN) applications where fiber loss budgets are
not a critical issue, but speed, i.e. maximum bit rate, is important. Also, the need for
optical packet switches which are compatible with existing fiber systems that operate at
1.3 fim is a critical requirement.
Recently, there has been considerable research interest in MQW light modulators
which utilize reflective nonlinear asymmetric Fabry-Perot etalons to achieve extremely
high contrast ratios with both electrical and optical control. 8 " 14 However, much of the
research effort has concentrated on devices which operate using the GaAs/AlGaAs and
strained-layer GaAs/InGaAs MQW systems. These devices rely primarily on absorptive
and refractive nonlinearities near the heavy-hole exciton resonance of the nonlinear
spacer materials. The wavelength dependence of the nonlinearities renders these devices
impractical for use in optical interconnect systems which operate in the wavelength
regions of 1.3 and 1.5 /zm. In this thesis, we report the first demonstration on an all
optical GaAlInAs/AlInAs MQW asymmetric reflection modulator for use at 1.3 /nm. The
modulator is shown to have an on/off contrast ratio exceeding 1000:1 and insertion loss
of 2.2 dB at pump intensity of 30 kW/cm 2 , corresponding to a carrier density ot"

16
4.5 xlO17 cm 3. The operating speed of the modulator is shown to approach 1 GHz.
Indeed, a crossbar packet switch utilizing a SLM with a contrast ratio exceeding 1000:1
will be capable of routing N = 1000 input channels.
The thesis report is organized into six Chapters, including this introduction. The
theory of asymmetric Fabry-Perot etalons is discussed in Chapter 2 with particular
attention focused on the case of an asymmetric Fabry-Perot etalon containing an
absorbing spacer layer. A multiple-beam interference approach is used to demonstrate
the basic operating principles of the asymmetric reflection modulator, and then a matrix
formalism is described which models the actual multi-layer structure implemented
experimentally.

Chapter 3 discusses the optical properties of MQW materials.

Describing first the quantum-size effect for a two-dimensional system and second the
absorptive and refractive properties of a quasi two-dimensional electron gas. The effects
of the coulomb potential are discussed along with the dominant optical nonlinearities
associated with two-dimensional semiconductors. The results of Chapters 2 and 3 are
then utilized in Chapter 4 which presents the design and fabrication of the asymmetric
reflection modulator.

Important design issues such as contrast ratio and minimum

insertion loss are discussed.

Chapter 5 describes the experimental results of two

pump/probe experiments to measure the contrast ratio, insertion loss and operating speed
of the modulator. Finally, Chapter 6 summarizes the results of the research project and
describes possible future directions.
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CHAPTER 2
ASYMMETRIC FABRY-PEROT ETALON THEORY

Asymmetric Fabry-Perot etalons are similar to their symmetric counterparts,
except the back reflecting surface has a greater reflectivity than the front surface which
typically is the natural reflectivity of the spacer layer material.

The different

reflectivities lead to an unbalanced cavity and hence a nonzero reflectivity at the cavity
resonance.

However, if an absorbing spacer layer is properly designed, a reflectivity

of zero can be obtained at the cavity resonance.

Although the actual etalon is a multi

layer structure, an ideal single layer treatment will be presented first to demonstrate the
operation of the device, and then a more rigorous approach utilizing matrix techniques
will be presented.

2.1 Single Layer Theory

If the Fabry-Perot etalon can be described as a single film with infinitely thin
reflecting surfaces, then multiple-beam interference techniques can be applied to the
analysis. The case of a single nonabsorbing film with equal reflectivity interfaces has
been treated in detail in many optics textbooks.1516

The treatment here will be

generalized to account for single absorbing films which do not have equal reflectivity
interfaces.
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Consider the asymmetric etalon shown in Fig. 2-1 with thickness L, and complex
refractive index nc. For the present analysis the wavelength dependence of the material
parameters will not be considered explicitly. The incident electric field is considered to
be a plane wave normally incident on the film. The amplitudes of the reflected waves
Elr, E*. Ejr,..., are given by E^f, E^V, E0tfWtfwhere E0 is the amplitude of
the incident wave and the r's and t's are the Fresnel reflection and transmission
coefficients of the respective interfaces. The reflected electric field amplitude can be
expressed as
Ez=E0(zf+tft'trl)expib-*-tftfrl>zr,fexpi26

(2.1)

+ . . . +tftfriPrfP"1expip8)

which can be reduced to
E r = E 0 { z f + t f t ' { r ' b e x p i b [1+r^r^expii
+ . . . + (r^rf)p~2expi (p-2) 5]},

(2.2)

where p indicates the p* reflected ray and the terms containing 5's are phase shifts
resulting from the optical path differences between individual reflected rays. For the
case of a single layer, 5 is given by

(2.3)

19

Eir E2r E3r • • •

Where

n = n0 - r i c
n0 + nc
fb =

nc- ns
nc + ns

Figure 2-1

r#' =

nc-n0
no + nc

iv =

ns - nc
nc + ns

Single layer asymmetric Fabry-Perot etalon with an absorbing spacer.
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where nc is the complex refractive index and is given by nc = n0 + ik. The term k is
the extinction coefficient of the spacer material and is related to the spacer material
absorption coefficient by k = aX/4*\ The sum in brackets of Eq. (2.2) is in the form
of a geometrical sum. Thus, Eq. (2.2) can be written as

E Z =E 0 rf+tftfr{,expib

1-(r^rf^expi (p-1) 6

(2.4)

l-r'fr^expii

As p -» oo, Eq. (2.4) becomes

rf"rtexpi6

„
T~

O

(rfrf+tftf)

(2.5)

l-r^r^expiS

By applying the Stake's relation rr' + tt' = 1 to both interfaces, the expression for E r
reduces to

E z =E o

rf-rtexpi6
n
T
l-rjcr^expio

(2.6)

The phase term given by Eq. (2.3) can be rewritten in the form
6=5 0+iaL

(2

where 5„ = 4xn0L/X. Substituting this expression into Eq. (2.6) results in the follow ,ng
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equation for the reflected electric field amplitude

E C .E 0

r '- r 'S e xp<-«£)expj8

0

{2

a)

l-r^r^exp (-aL) expifi 0

The reflected intensity is given by Ir a Er*Er,

j -j

[ r f~ r fc ex P <

expi6 0 |r f -rtexp (-aL) exp ( -ib0) ]

° [l-rfr^exp (-aL) expi5 0 ][l-rfrtexp (-aL) exp (-i6 0 ) ]
(2.9)

Equation (2.9) can be simplified to the form

x =J

rj+r^exp (~2aL) -2-r^exp (-aL) cosS 0

1Q

° 1+r'f r^exp (-2aL) -2rfr^exp (-aL) cos6 0

This expression, provided rf2 = r/2 = Rf and rb2 = rb'2 = Rb, can be further reduced to
2^+i^exp (-2aL) -2JR
R exp (-2aL)—icos6 0
1 f b
•• '•
"•
•'
""
•
1+jR^exp (-2aL) -2/Rfi^exp (-2aL) cos8 0

(2» 11)

Making use of the identity cos50 = 1 - 2sin250/2, the reflectance of the asymmetric etalon
is given by

22
j [y^-^i^exp (-2aL) ] 2 +4 v /.R f i? J;) exp (-2aL) sin,22 z_o
R=-S=
f2L _ . ( 2 . 1 2 )
I q [l-^^exp (-2aL ) ] 2 +4 AR i? exp (-2a L ) sin2 * o
v
f b

At resonance, the reflectance will be a minimum, and as a result, the sin250/2 term in the
numerator of Eq. (2.12) must be equal to zero. The sine term will be equal to zero
when

is equal to 2xm where m = ±1,±2,±3,...; setting this equal to 47m0L/X results

in the resonance condition

m-| =n a L.

(2.13)

Equation (2.13) simply states that for resonance to be achieved at a specified wavelength,
the optical thickness of the film must be an integer number of half wavelengths. When
Eq. (2.13) is satisfied, Eq. (2.12) reduces to

J

y

(2>14)

[ 1-^RfR b exp ( - 2 a L ) )

In general R will be nonzero except when
R f =R b exp(-2aL) .

(2.15)
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In this case the Fabry-Perot cavity is said to be balanced or impedance matched.
Figure 2-2 is a plot of the reflectance at resonance R as a function of 2aL for Rf = 0.3
and Rb = 0.9. It is clear from Fig. 2-2 that as Rbexp(-2aL) approaches Rf, the cavity
becomes balanced and the reflectance of the etalon approaches zero. By changing the
value of the term 2aL the total reflectance at resonance of the asymmetric etalon can be
modulated and extremely large reflectance changes can be obtained at the resonance
wavelength.
In conclusion, the two expressions
R f =R b exp (-2aL)

(2.16)

L= mX
2 n„

(2.17)

and

must be satisfied to achieve a reflectance of zero at the resonance wavelength, i.e. Eq.
(2.16) must be satisfied to balance the Fabry-Perot cavity and result in a zero reflectance
at the wavelength dictated by Eq. (2.17).
Although the ideal single layer treatment does not accurately describe an actual
multi-layer device, it does provide an intuitive description of the device operation that
is not present in the multiple layer treatment that will follow in the next section.
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2.2 Multiple Layer Theory

In reality the asymmetric etalon consists of a multiple layer structure containing
a high reflectivity quarter wave reflector acting as a back mirror and a nonlinear multiple
quantum well spacer layer. To account for the multiple layer aspect of the actual etalon,
the reflectance spectrum will be calculated using a matrix formalism as described by
Vigoureux.17
Let the forward- and backward-traveling electric fields, denoted by E+ and E
respectively, be plane waves. The total electric field at some plane in the z direction can
be described by the 2 x 1 column vector,
E(z) = E* (z)
E'(z)

(2.18)

Clearly if one wishes to relate the electric field at some plane located at z" to some other
plane located at z', they must be related by a 2 x 2 matrix transformation [M],

El(z')
Ei(z')

Wii «ia E l ( z " ) '
«21 M 22. E2"(Z")

where the planes z' and z" have been denoted by 1 and 2, respectively. The reflection
coefficient is now related to the 2 x 2 matrix [M] by
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(2.20)
Ei( Z)

M n'

Where it has been assumed the backward-traveling wave

in the last layer is zero. In

general, [M] can be the characteristic matrix describing a single layer or multiple layer
system. For a multiple layer system, [M] can be expressed as a product of an interface
matrix [rj] and a layer matrix [AJ, where the subscript j denotes the j* layer, for all
layers in the system. The interface matrix [i^] describes the reflection and transmission
of the incident field at the (j ,j + l) interface, and the layer matrix [AJ describes the phase
and attenuation of the field as it propagates through the j* layer.
The interface matrix [rj] relates the fields on both sides of the j4 interface, E(z i e) = [rj]E(Zj + e) as e -* 0, and is defined as

[r,]-

1

(2.21)

tj.:i*i

In Eq. (2.21), rjJ+, and tjj+1 are the Fresnel reflection and transmission coefficients,
respectively. The distinction between p and s polarization has been neglected since all
of the calculations will be performed for normally incident fields. The layer matrix [AJ
describes the effects of propagation through the j* layer, E(zj + e) = [Aj]E(zj + dj - e)
as e -* 0 where dj is the layer thickness, and is given by
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expiPj

0

0

exp-iPj

(2.22)

The phase term /Sj is given by

(2.23)

In Eq. (2.23), n^ is the complex index of refraction and is defined as ncj = n^ + ik,,
where kj is the extinction coefficient associated with the material of the j4 layer. The
extinction coefficient is related to the absorption coefficient of a material through kj =
ofjXMx. Substituting this expression for the extinction coefficient into Eq. 2.23, results
in

(2.24)

where cosflj = 1 for normally incident fields. The first term in Eq. (2.24) is the phase
shift associated with propagating through the jth layer and the second term is the
attenuation of the field strength with propagation. In general the index of refraction and
absorption coefficient will be wavelength dependent.

This is especially the case in
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semiconductors as will be seen in the next chapter.
Once the interface and layer matrices are known for all layers in the system, the
transformation matrix [MJ, where n denotes the number of layers in the system, can be
expressed as
[ M n ] =[AJ [rj [A2] [ r 2 ] [A3] [r3] .. . [An] [rn] .

(2.25)

The transformation matrix will be complex, and as a result, the reflectance of the multi
layer system will be given by

|El-u,»l'.|Mala>|'.
X)|!

|M„U>|2

In most practical applications, the number of layers will exceed two making the
evaluation of R(X) by hand impractical. In cases where there are a large number of
layers, Eq. (2.26) must be evaluated using a computer.

To evaluate Eq. (2.26), a

computer program utilizing the C programming language was developed. The program
was specifically designed to calculate the reflectance spectrum of a multiple quantum well
asymmetric Fabry-Perot etalon with a quarter-wave stack back mirror.
To demonstrate the calculations described above, Fig. 2-3 shows the reflectance
spectrum of three quarter-wave stack reflectors composed of 10,15, and 20 quarter-wave
periods designed for use at 1.313 fim. The reflectance at the design wavelength is highly
dependent on the number of quarter-wave periods, and the spectral bandwidth and side-
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lobe structure also varies greatly and becomes quite complicated. Figure 2-4 shows the
calculated reflectance spectrum of a nonabsorbing asymmetric etalon with 15 and 20
period quarter-wave back mirrors. The resonance is located at 1.313 ^m. As expected
from the theory described in the previous section, the reflectance at resonance is nonzero
in the absence of spacer absorption. However, the reflectance at resonance is highly
dependent on the number of quarter-wave periods in the back mirror, i.e. quarter-wave
stack reflectance. Thus it is important that all the layers in the system be considered
when designing the etalon structure. Details concerning the design issues and wavelength
dependence of the index of refraction and absorption coefficient for the different layers
in the asymmetric etalon will be discussed in Chapter 4.
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CHAPTER 3
OPTICAL PROPERTIES OF QUASI 2-D SEMICONDUCTORS

Quasi two-dimensional semiconductors, better known as quantum wells, have
become the focus of considerable interest in recent years. The reduced dimensionality
of quantum wells has many desirable electrical and optical properties as compared to
their bulk counterparts.

One of the most desirable features of quantum wells is the

quantum size effect which leads to a blue shift of the absorption edge with respect to the
bulk bandgap. In fact, in quantum wells the dependence of the amount of blue shift on
the well width enables the engineering of custom materials with optical absorption and
refraction properties that can be tailored to a specific application. In this Chapter the
effects of the confining barrier potentials will be examined, and the linear and nonlinear
optical properties of quantum wells will be discussed with emphasis on the physical
interpretation of many lengthy theoretical treatments of the quantum physics required to
describe these systems.18,19

3.1

Quantum Wells and the Quantum Size Effect

A semiconductor quantum well is composed of a narrow bandgap semiconductor
between a wide bandgap semiconductor as shown in Fig. 3-1.

The wide bandgap

material confines electrons in the narrow bandgap layer due to the large potential

Material A
Material B

Material B

Where EgB >

Figure 3-1

Schematic diagram of a single quantum well.

34
mismatch of the energy gaps. For a typical quantum well, the valence and conduction
band diagram is shown in Fig. 3-2.

If the thickness of the well is reduced to a

dimension on the order of the electron de Broglie wavelength, then the conduction band
states split into discrete subbands forming the bound electron states of the quantum well.
The physical situation is analogous to the particle in a box problem discussed in
elementary quantum mechanics and can be used to treat the quantum size effect.
To simplify the calculation of the electronic bound states in a quantum well, the
envelope approximation will be utilized. In this approximation, the effect of the lattice
potential is included in the effective mass of the conduction band electrons and valence
band holes and is not explicitly included in the time-independent Schrodinger Equation
used to describe the quantum well.

Hence, only the confining potentials due to the

conduction and valence band offsets are included. The Schrodinger Equation describing
an electron in a quantum well is

-J^V 2Y (x, y, z) =[V{x, y, z) -E\V ( x , y , z ) .

(3.1)

The confining potential V(z) in the conduction or valence band is
given by

0
V(z) = -

(3.2)
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Figure 3-2

Band structure in real space of a single quantum well.
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where V0 is the potential barrier height and W is the well width. The wavefunction
¥(x,y,z) can be separated into two parts,
*P (x,y, z ) =<|>(x,y) C (z)

(3.3)

where, <f>(x,y) describes the motion of an electron in the plane of the well and ftz)
describes the motion of an electron normal to the well. Substitution of Eqs. (3.2) and
(3.3) into Eq. (3.1) enables the Schrodinger Equation to be separated into two equations,

&
2m dx2

+

d2 (j>(x,y) =-E <b(x,y)
xy
dy2

(3.4)

for the motion in the plane of the well, and
v a2
C(z) = [ V ( z ) - ^ ] C ( z )
2m dz2

(3.5)

for the motion normal to the well. Equation (3.4) is in the form of the well known wave
equation and has solutions in the form of plane waves corresponding to the energy states
given by

(3.6)

where kx and ky are the electron momentum values in the x- and y-directions,
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respectively. Solution of Eq. (3.5) for the allowed energy states in the direction normal
to the well result in the following two transcendental equations

(3.7)

tan

2V

and

-cot

( m vw* E M
I

2*

)

*w(

(3.8)

N

where iti„ and mb are the electron effective masses in the well and barrier materials,
respectively. Equation (3.7) can be solved for the allowed energies of electron states
with even parity, while Eq. (3.8) can be solved for the allowed energies of electron states
with odd parity.

It should be noted that the allowed energy values in the direction

normal to the well are discrete for a single quantum well. As a result, En will be used
to describe the energy of the n* discrete energy state (known as the quantum number) in
the normal direction. A similar treatment can be applied to holes in the valence band.
Assuming the zero of energy is at the top of the bulk valence band, the energy
of an electron in the conduction band of a quantum well may be written as

ec~B

9+\

2-(kl+k$)+E?,

(3.9)
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where Eg is the bandgap energy of the well material. Figure 3-3a illustrates the bound
state energy levels and wavefunctions for a single electron and single hole in the
conduction and valence bands.

The corresponding dispersion relation, i.e. energy-

momentum relation, near the well material T-point is shown in Fig. 3-3b. The dispersion
relation for bulk material is shown by the dashed lines in the Figure. It is evident that
the reduced dimensionality of the quantum well significantly alters the bandstructure of
the well material. The most notable difference between the bulk and quantum well cases
is the formation of multiple subbands in the valence and conduction bands corresponding
to two-dimensional continuums at the discrete energies in the normal direction. The
second difference is the shift of the first subbands in the conduction and valence bands
with respect to the bulk bandedges. The shift has the effect of increasing the bandgap
of the quantum well material to values greater than the bulk bandgap, and the amount of
shift can be changed by changing the well width as dictated by Eqs. (3.6) and (3.7). The
dependence of the quantum well bandgap on well width is the so-called quantum size
effect.
The complicated band structure of quantum wells leads to interesting effects in
the optical absorption spectrum of semiconductor quantum wells. In an unperturbed
quantum well, i.e. no external forces acting on the system, optical transitions are allowed
between valence bands and conduction bands with the same quantum number. As a
result, the energy of the allowed transitions is given by
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(b)
Figure 3-3 (a) The bound state energy levels for a single electron and hole in the
conduction and valence band of a single quantum well, (b) The dispersion relation in
momentum space for a single quantum well.
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*<•> Jn=V izr

( + k y ] + E "~ E -

•

(3 •10)

Where mr is the reduced mass, E,,1 is the 1th bound state energy in the valence band
(assumed to be less than zero), and n = 1.

In direct bandgap semiconductors, the

minimum in the conduction band and maximum in the valence band will occur at the Tpoint, i.e. kx = ky = 0. It is at the T-point where the lowest allowed optical transition
energy will occur. In this case, n = 1 = 1 and the transition energy will be given by
.

(3.11)

It is important to note that Ec1 and Ey1 are dependent on the width of the quantum well.
As a result, the absorption bandedge can be changed by changing the quantum well
width. Figure 3-4 shows a plot of ha> n (in units of wavelength) as a function of the well
width. The bulk bandedge is shown for reference. As the well width is increased, the
energy of tiw u decreases and approaches the bandgap energy of the bulk material
However, as the well width is decreased, the energy of hw n increases to a value
approaching the bandgap of the barrier material. It is interesting to note that the well
will always support at least one bound state as long as it has some finite thickness
However, as the bound state energy increases, the electron wavefunction penetrates
further into the barrier regions and is less confined to the well region of the quantum
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well.
The treatment presented in this section developed the primary features of the
quantum size effect and how it can be used to engineer the bandgap transition energy for
a specific application.

However, the treatment neglected the lattice potential of the

crystal and the coulomb potential of bound electron-hole pairs, i.e. excitons. In the next
two sections, the linear and nonlinear optical properties of semiconductor quantum wells
will be discussed.

3.2

Linear Optical Properties of Quantum Wells

In the free-carrier limit the linear optical absorption coefficient of a quantum well
is proportional to the joint density-of-states. As a result, the absorption spectra in the
linear regime will resemble the staircase-like density-of-states as shown in Fig. 3-5 and
given by

a fc (w)<*-?±TBh(i>-E g -E?+Ej)
Tin l.n

(3.12)

where the subscript on a denotes in the free-carrier limit and 0(hw-Eg-Ecn+Evl) is defined
as a step function. In an actual semiconductor quantum well, an attractive coulombic
potential exists between the oppositely charged electron and hole which cannot be
neglected and greatly modifies the linear absorption coefficient of the quantum well. The
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Optical absorption spectrum of a single quantum well in the free-carrier
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Hamiltonian describing a quantum well system in the presence of the coulomb potential
can be written as

r
+v
confinement v coulomb

(3.13)

where

(3.14)

coulomb

In Eq. (3.13) the subscripts e and h denote electron and hole, respectively, and in Eq.
(3.14) e is the electronic charge and r is the electron-hole separation.

The coulomb

potential as given by Eq. (3.14) is similar to the potential well associated with a
hydrogen atom. Hence, an electron and hole bound together by the coulomb potential
form a hydrogen-like atom, known as an exciton. The inclusion of the coulomb potential
in the Hamiltonian results in the existence of a series of discrete energy states (excitonic
states) corresponding to the bound states of Vcoulomb.

The excitonic states will have

energies below the quantum well bandgap equal to the amount of the electron and hole
binding energy
/nre4
(3.15)

where in this case, n = 1,2,3,- (the exciton series number). Solution of the Schrodinger
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Equation utilizing Eq. (3.13) for the optical absorption coefficient is beyond the scope
of this Thesis. Hence, we proceed directly to the formula for the optical absorption
coefficient of a quantum well including the coulomb potential. The two dimensional
absorption coefficient is given by the 2-d Elliot formula

4 EA
n 0 cW

{ V

I-EYD+

Hr

*H )
+0(hG> -Eg*)

(3.16)

e

COShAj

where
A =(fr(l) -EG4)

(3.17)

A sketch of a typical absorption spectrum utilizing Eq. (3.16) is shown in Fig. 3-6. The
first term in the brackets of Eq. (3.16) corresponds to excitonic absorption lines at the
energies given by the term 8(hw - Eg2d + E^n-l^)2), where Eg2d is given by Eq. (3.11)
The magnitude of the exciton resonances vary as 4E B /(n-l/2) 3 . The second term in the
brackets describe the coulomb enhanced continuum absorption. The enhanced absorption
results in an absorption coefficient at the bandedge which is twice the free -carrier
absorption strength. The free-carrier absorption is shown as a dashed line in Fig. l b
for reference. It should be noted that Eq. (3.16) is valid only for a single quantum well
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Figure 3-6
Schematic comparison of the 2-d free-carrier and excitonic optical
absorption spectra.
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In an actual experiment, the quantum well samples are typically composed of multiple
quantum wells (MQWs) where the barriers are thick enough such that there is negligible
coupling between adjacent wells. As a result, the absorption coefficient given by the
Elliot formula can be multiplied by N, the number of wells in the multiple quantum well
sample. If the barriers are not thick enough to prevent coupling between adjacent wells,
the discrete levels associated with a single, isolated well broaden into bands. In this
case, the structure is called a superlattice. The electronic properties of a superlattice are
significantly different than a single quantum well and will not be discussed here.
In an actual MQW sample, the exciton resonances are broadened due to thermal
eff e c t s a n d i n h o m o g e n e o u s q u a n t u m w e l l w i d t h s . A s a r e s u l t , t y p i c a l l y o n l y t h e n = l
exciton resonance is resolved experimentally.

Figures 3-7a and 3-7b show

experimentally observed absorption spectra for two different GaAlInAs/AlInAs MQW
samples grown by molecular beam epitaxy on semi-insulating InP substrates.4 Figure 37a shows the absorption spectrum for a 100 period 40

A

Gasify 53As well/70

A

Alo.48lno.52As barrier MQW. For the GalnAs/AlInAs system, the 40 A well supports only
one bound state. Thus, only one coulomb enhanced step is measured. The heavy- and
light-hole exciton resonances are well resolved at the two-dimensional bandedge. In Fig.
3-7a two exciton resonances are observed due to the splitting of the heavy- and light-hole
bands at k = 0. In the bulk case, the heavy- and light-hole bands are degenerate at k
= 0 leading to a single exciton resonance.

However, the confining potentials of a

quantum well lift the degeneracy of the bands and causes them to split. Figure 3-7b
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Figure 3-7 The linear optical absorption spectra of (a) 100 period GalnAs/AlInAs
MQW sample, and (b) 100 period GaAlInAs/AlInAs MQW sample.
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shows the measured absorption spectrum for a 100 period 90

A

Gao ^Alo o^Ino 53As

well/70 A Al0 4gIno 52As barrier MQW. For the GaAlInAs/AlInAs system, the 90 A well
supports two bound states. As a result, two coulomb enhanced steps are observed. The
light- and heavy-hole exciton resonances are again observed. However, in this case, the
two resonances are not as well resolved as in the GalnAs/AlInAs system most likely due
to the reduced confinement of the 90

A

wells.4 It should be mentioned, although not

clearly shown in Fig. 3-7b, that each coulomb enhanced continuum (or step) has lightand heavy-hole exciton resonances associated with its two dimensional bandedge.
It should be noted that neither the well material nor the barrier material in the
MQWs described above have bandedges in the 1.3 ^m region. The well materials have
bandedges in the 1.4 to 1.6 fim region, and the barrier material bandedge is near 0.85
/xm. The MQWs use the quantum size effect, as described in section 3.1, to shift the
absorption edge of the well material to the 1.3 /zm region. In the next section, the
dominant optical nonlinearities in quantum wells will be discussed.

3.3

Nonlinear Optical Properties of Quantum Wells

The dominant quasi-equilibrium optical nonlinearities in quantum wells are the
bandfilling effect and exciton ionization. Although exciton ionization is important in
quantum wells the reduced dimensionality of quantum wells results in a reduced densityof-states, making bandfilling a more efficient nonlinearity.

Furthermore, the two
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dimensional aspect of quantum wells reduces the spatial range over which carriers can
redistribute themselves to screen the attractive coulomb potential.

Hence, exciton

ionization (or coulomb screening) is a less efficient nonlinearity. As a result, only the
bandfilling nonlinearity will be discussed in detail.
The bandfilling nonlinearity originates from the occupation of an allowed state by
a Fermion, i.e. an electron or hole. Thus, the nonlinearity is dependent on the electron
and hole Fermi-Dirac distributions which describe the probability of a state being filled
and are given by the expression

h
exp ^o,h
kBT

(3.18)

where T is the quasi-equilibrium temperature, Ee and Eh are the electron and hole
energies, and ne and /xh are the electron and hole quasi-chemical potentials, respectively.
It is important to remember that for a photon to be absorbed an electron must occupy a
valence band state and a conduction band state must be empty simultaneously. Taking
this into account results in the bandfilling factor
A(U) »l-f,(w) - f h ( u > )

(3.19)

where fe and fh are the Fermi-Dirac functions for the electrons and holes, respectively
The optical absorption coefficient when the bandfilling factor is included can be
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expressed as
a (w) =A(o)) a2d(w)

The free-carrier optical absorption coefficient in the presence of the bandfilling
nonlinearity at various carrier densities is shown in Fig. 3-8. As the carrier density is
increased, the electron and hole chemical potentials shift towards the conduction and
valence bands indicating that states are being filled. It should be noted that fih and nt do
not shift equally because in general m,, ^ n^.

As the states become filled, the

bandfilling factor at energies near the bandgap becomes less than unity and the absorption
coefficient is correspondingly decreased.

An interesting case arises when both the

electron and hole chemical potentials have been shifted into the conduction and valence
bands. In this case, at photon energies below Eg2d +

- /xh the bandfilling factor is less

than zero and the absorption coefficient becomes negative as shown in Fig. 3-8. The
region where the absorption coefficient is negative corresponds to a spectral region of
optical gain.
The nonlinear absorption spectra for an actual MQW is shown in Fig. 3-9a. The
sample consists of a 100 period 90 A Gao.376Alo oMlno.53As well/70 A Al0 4gIno 52As barrier
MQW grown by molecular beam epitaxy on a semi-insulating InP substrate.5 The solid
curve corresponds to the linear case, i.e. no pump. The latter three pump intensities
correspond to carrier densities of 2.1 x 1017, 6.2 x 1017, and 2.6 x 1018 cm'3, respectively.
As shown in the Figure, the exciton resonances bleach and broaden as the carrier density
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Figure 3-9 (a) The optical absorption spectra of the GaAlInAs/AlInAs MQW for
various pump beam intensities, (b) Optical absorption dependence on carrier density for
the MQW sample. The points are the experimental data and the solid curve is the best
fit to the experimental data.
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is increased due to the bandfilling and exciton ionization nonlinearities. The change in
absorption at the heavy-hole exciton peak as a function of carrier density can be fit to the
following lorentzian equation

a L(N) =ot b L+—^

(3.21)

where a0 and ab are the linear and background absorption coefficients at the heavy-hole
exciton peak, respectively, L is the MQW thickness, and N, is the saturation carrier
density. A best fit to the experimental data is shown in Fig. 3-9b. The saturation carrier
density, linear absorption, and background absorption were found to be 1.2 xlO18 cm 3,
0.88, and 0.88, respectively.5
Associated with the absorption change in a semiconductor quantum well is a
corresponding change in the refractive index.

A detailed analysis of the nonlinear

refractive index will not be performed in this thesis. Typically, the refractive index is
much more difficult to measure experimentally than the absorption coefficient. However,
the refractive index change can be calculated from the measured absorption change by
using the Kramers-Kronig transformations.
In conclusion, the primary

linear and

nonlinear optical properties of

semiconductor quantum wells have been discussed. In Chapter 4 the linear and nonlinear
properties of the quantum wells discussed above will be utilized to design a high contrast,
all-optical asymmetric Fabry-Perot reflection modulator at 1.3 fim.
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CHAPTER 4
MODULATOR DESIGN AND FABRICATION

In this Chapter, the results of Chapters 2 and 3 will be used to design an
asymmetric reflection modulator for use at 1.3 /*m.

The design procedure of the

modulator will be discussed with emphasis on optimizing the contrast ratio and insertion
loss of the device.

Material parameters such as the wavelength dependence of the

refractive index and absorption coefficient for the different layers of the device will be
discussed.

The design procedure can then be described without having to explain

material details. Finally, the fabrication and characterization of the modulator will be
described.

4.1

Semiconductor Material Considerations

The material system used to implement the asymmetric reflection modulator was
the quaternary alloy GaAlInAs lattice-matched to InP. The GaAlInAs system was chosen
for four reasons: 1) Multiple Quantum Well (MQW) materials can easily be engineered
to have bandgaps in the 1.3 jim region of the optical spectrum, 2) the carrier lifetime in
the quaternary MQWs is on the order of 1 ns, 3) the bulk bandedge of the alloy can be
tuned from 0.85 to 1.6 fim by changing the Ga and A1 concentrations while maintaining
lattice-matched conditions to InP, and 4) since the quaternary compound does not contain
phosphorous the modulator can easily be fabricated by solid-source molecular beam
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epitaxy. First, the desired optical properties of the substrate and quarter-wave stack
reflector will be discussed with emphasis on the position on the bulk bandedge and
wavelength dependence of the refractive index. Finally, the optical properties of the
MQW spacer will be discussed.
The modulator was constructed on an InP substrate20 with the growth surface
oriented in the (100) direction. The bandedge of bulk InP is located in the wavelength
region of 0.9 /*m and will not be absorbing at 1.3 ^m. The wavelength dependence of
the InP refractive index is important since the quarter-wave stack mirror will be
fabricated directly on the (100) surface of the substrate. For photon energies much less
than the bandedge energy, the wavelength dependence of the InP refractive index is given
by21

i32=l+~lr^
it

Ei-Chu)2

+

^
Ei~ Oiw)2

+

+

Ei-Ctxa)2

^
(4.1)
£"32-(^w)2

where
E„
Et
E2
Ej
G,
G2
G3
A

= 1.345 eV
= 3.2 eV
= 5.1 eV
= 37.65 xlO"3 eV
= 57.889 eV2
= 65.937 eV2
= 0.392 x 10"2 eV2
=0.7(Eo)1/2

The GaAlInAs alloy will be used to construct the quarter-wave stack mirror. The

mirror consists of alternating high and low refractive index layers. If the refractive index
difference between the layers is large, the mirror fabrication will be simplified because
fewer periods will be needed to obtain a high reflectance at the design wavelength.
However, care must be taken to ensure the mirror layers are nonabsorbing in the spectral
region of interest, i.e. 1.3 /xm. To choose the composition of the high and low refractive
index layers, the dependence of the energy gap on alloy composition was examined. The
bandgap energy as a function of A1 concentration y is shown in Fig. 4-1 and given by22
Eg(eV) = (0.76±0.04) + (1.04±0.10)y+ (0.87±0.13)y 2

where the composition of the alloy is given by [Gaa.y)Aly]0.4gIn0 J2As.

(4.2)

The bandgap

energy corresponding to 1.3 /xm is also shown in the Figure. At an A1 concentration of
y = 0.48, the bandgap is a maximum (X, = 0.828 /xm) and the refractive index will be
a minimum in the 1.3 /xm region. To keep the mirror layers nonabsorbing at 1.3 /xm,
the A1 concentration should be greater than 0.16. To avoid any complications arising
from band-tail absorption, the A1 concentration for the high index layers was chosen to
be y = 0.18. The corresponding position of the bandedge is \ = 1.194 /xm. Thus, for
the quarter-wave stack mirror the compositions of the high and low index layers are
Gao.3Alo.1gIno.52As and Alo.4gIno.52As, respectively. The wavelength dependence of the
GaAlInAs refractive index as a function of A1 concentration was obtained from23
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Energy gap dependence of the GaAlInAs alloy on Al concentration.
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EoEd

n2=1+

(4.3)

EZ-(bu)2

where
E0 = 2.2 l(y) + 2.02
Ed = 13.2(y) + 20.9
For the design of the quarter-wave stack mirror Eqs. (4.1) and (4.3) will be used with
the assumption that there is no significant absorption in the InP substrate or GaAlInAs
layers.
The nonlinear spacer material used for the design of the asymmetric reflection
modulator were the 90

A

described in Chapter 3.

Gao^AloWhomAs well/70

A Alo^Irio J2As barrier

MQWs

To obtain a fit to the experimental data, the background

absorption was subtracted and two Gaussians were used to fit the light- and heavy-hole
resonances shown in Fig. 3-9a. The calculated curve was then divided by the total
thickness of the MQW layer (1590 nm for the samples discussed in Chapter 3) to obtain
an estimate of the MQW absorption coefficient. The estimated absorption coefficient is
shown in Fig. 4-2 and given by the equation

| 3.9
o
x

r<
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1 287.5
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1 400 -
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Figure 4-2
coefficient.

Estimated wavelength dependence of the MQW spacer absorption
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((igkhHi^n

(4.4)

where the units of a(X) are nm'1. The refractive index was estimated to be n = 3.5 and
assumed to be independent of wavelength. In actual MQW materials, the refractive
index in the vicinity of the heavy-hole exciton is highly wavelength dependent.
However, sufficient information could not be found in the technical literature to
accurately estimate the refractive index near the heavy-hole exciton. As a result, the
material refractive index and spacer thickness were used as fitting parameters for the
modulator fabrication process.

4.2

Modulator Design

The asymmetric reflection modulator was designed using the asymmetric etalon
theory developed in Chapter 2. The quarter-wave stack mirror was designed to be highly
reflecting in the 1.3 pm region of the optical spectrum. In particular, the number of
quarter-wave periods was carefully selected to yield a device with an insertion loss which
was less than 3 dB. The position of the etalon resonance wavelength with respect to the
heavy-hole exciton absorption resonance was also carefully chosen.
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To obtain a preliminary design for the etalon, Eq. (2.16) and (2.17) were used.
The primary object of the design was to estimate the required spacer thickness to achieve
a reflectance of zero at the desired resonance wavelength. To do so, Eq. (2.16) was
solved for the required value of a(X)L to achieve a zero reflectance at resonance.
Assuming Rf * 0.31 and Rb * 0.9, the required value of a(X)L is 0.533. The resulting
value of L was taken as 0.533/a(X) and substituted into Eq. (2.17).

The resulting

equation was in the form

ma)=0-533lfaf

<4-5)

where m(X) is the order number. The wavelength corresponding to a resonance in the
reflection spectrum can be found by identifying the wavelength closest to an integer value
of m(X). This is best illustrated using Table 4-1.24 In the table, the closest integer value
of m(X) is 5.924 at a wavelength of 1317 nm. The absorption coefficient was estimated
by Eq. (4.4) and the refractive index was assumed to be constant. The resulting order
number, m » 6, and wavelength were substituted back into Eq. (2.17) and solved for
the spacer thickness. The analysis resulted in an estimated spacer thickness of 1130 nm.
It is interesting to point out that Eq. (4.5) was satisfied on the long wavelength side of
the heavy-hole exciton absorption resonance because the absorption coefficient changes
rapidly in that wavelength region. Provided the absorption coefficient at wavelengths

Table 4-1

Preliminary modulator design data.

Wavelenath (microns)

Absorption (1/nm)

Refractive Index, n

Order Number, m

1.31
1.311
1.312

5.19E-04
5.209
5.21

3.5

1.313
1.314
1.315
1.316

5.185
5.131
5.046
4.929
4.783
4.607
4.406
4.183

5.492
5.463
5.458
5.48
5.534
5.623
5.751
5.924
6.144
6.42
6.757
7.163
7.647
8.22
8.892
9.677
10.588
11.641
12.85
14.23
15.796

1.317
1.318
1.319
1.32
1.321
1.322
1.323
1.324
1.325
1.326
1.327
1.328
1.329
1.33

3.943
3.691
3.431
3.169
2.91
2.657
2.415
2.186
1.973
1.776

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
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shorter than the heavy-hole exciton is too large to achieve a zero reflectance at
resonance, the conditions for a zero reflectance will only be satisfied on the long
wavelength side of the heavy-hole exciton. It should also be noted that if the design
wavelength of the quarter-wave stack mirror and the etalon resonance wavelength are the
same, than the estimated spacer thickness will be exact. However, the multi-layer aspect
of the modulator makes this condition difficult to achieve experimentally. As a result, the
multi-layer theory developed in Section 2.2 will be used to fine-tune

the modulator

design.
The computer program written to implement the multi-layer formalism described
in Chapter 2 was executed iteratively using the results of the above analysis as a starting
point. After optimizing the design parameters, the following design was formulated:
MQW Spacer - 65 periods of 90 A Gao.376Al0 ^Iiio 53As/ 69 A Al048In0 52As, Quarter-wave
Stack - 24 periods of 939

A GaojAlo^Ino^As/KX^ A

insulating InP substrate.

The modulator is shown schematically in Fig. 4-3.

Alo.4gIno.52As, and a (100) semiThe

resulting spacer thickness was 1033.5 nm, significantly shorter than the value predicted
by the single-layer theory discussed above. The calculated reflectance spectrum is shown
in Fig. 4-4. As seen in the Figure, there is a zero in the reflectance spectrum at a
wavelength of approximately 1317 nm.

The spectral structure at higher and lower

wavelengths is due to the side-lobes of the quarter-wave reflector. The importance of
considering the entire structure, i.e. spacer and quarter-wave stack, should be stressed.
If the quarter-wave stack has too many periods, the spectral width of the high reflectance
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65 Period
GaAllnAs/AllnAs
(Al conc. = 0.094)
MQW Spacer

24 Period
GaAllnAs/AllnAs
(Al conc. = 0.18)
Quarter-Wave Stack
Semi-Insulating
InP Substrate

Figure 4-3

Schematic diagram of the asymmetric reflection modulator.
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Calculated reflectance spectrum of the asymmetric reflection modulator
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band will become narrow and possibly degrade the performance of the modulator. Also,
the effect of the spacer material refractive index loading the quarter-wave reflector, i.e.
the smaller mismatch in refractive index, requires the need to increase the number of
quarter-wave periods as compared to when the reflectance at an air/quarter-wave stack
interface is considered.
To gain insight concerning the modulators performance the reflectance at
resonance was calculated utilizing Eq. (2.14) from Chapter 2 and Eq. (3.21) from
Chapter 3. It should be stressed that these calculations neglect any effects from the
change in the spacer refractive index. The reflectance at resonance as a function of
spacer absorption at the heavy-hole exciton peak is shown in Fig. 4-5. For low carrier
densities, the reflectance is essentially zero. However, as the carrier density is increased
the reflectance increases rapidly and begins to saturate with a value of R ® 0.63. From
this theoretical analysis the insertion loss of the modulator should approach a value of
approximately 2.0 dB. Obviously, for high carrier densities, i.e. N > 5 x 1018 cm 3, Eq.
(3.21) is no longer valid since absorption will be replaced by gain in the spectral region
near the bandedge. However, the above analysis does show that a rapid increase in
reflectance is expected as the carrier density is increased. It is not practical, however,
to calculate an on/off contrast ratio since the modulator is designed to be perfectly
balanced.

Hence, the theoretically predicted on/off contrast ratio would approach

infinity. However, experimental values of 0.001 or less for the reflectance at resonance
of balanced modulators has been reported.12 As a result, an on/off contrast ratio of 600:1
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Figure 4-5

Reflectance at resonance as a function of carrier density.
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or more is expected.
The modulator design was modified during the fabrication process to shift the
resonance wavelength to 1.313 ^m in order to accommodate the Nd:YLF laser used in
the testing process. To accomplish this, the well thickness was decreased to 69 A to shift
the heavy-hole exciton to a wavelength of approximately 1.31 nm so the Fabry-Perot
resonance would lie on the long wavelength side of the exciton. The barrier thickness
was increased to 89 A to appropriately shift the resonance to the correct spectral position.

4.3 Modulator Fabrication and Characterization

The modulator was fabricated by molecular beam epitaxy on a (100) semiinsulating InP substrate as discussed above.
consisted of a 65 period 69

The fabricated reflection modulator

A Gao 376Alo.094Ino.53As well/89 A Al0 48In0 52As barrier MQW

spacer on top of a 24 period 936 A Gao.3Al018In .52As/1003 A Al0 48In0 52As quarter-wave
0

stack back mirror. The front and back mirror reflectivities were Rf « 0.31 and Rb =
0.92, and the resulting spacer thickness was 1.027 ^m.

The modulator wafer was

characterized using a white-light spectroscopy system constructed in a reflection
geometry. A tungsten lamp was used as the broadband light source and a calibrated
monochromator/InGaAs diode array with OMA was used as the spectral detector. The
measured reflectance spectrum is shown in Fig. 4-6. Also shown in the Figure is the
theoretical fit to the measured spectrum (solid curve). The measured resonance
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0.9000
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Figure 4-6 Measured reflectance spectrum of the MBE grown asymmetric reflectance
modulator. The theoretical fit is shown by the solid curve.
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wavelength is 1.313 /xm with a minimum reflectance of ~ 0.0077.

The overall

agreement with the theory is good except in the region of the resonance fringe. The
measured FWHM fringe width is approximately 32 nm, while the theoretical FWHM
width is approximately 23 nm. The difference between the measured and predicted width
is most likely caused by not including the dispersion of the spacer refractive index near
the heavy-hole exciton in the calculated spectrum.
The modulator sample described above was used for the remainder of the research
project. The sample was fully characterized using two variations of the pump/probe
technique as described in Chapter 5.
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CHAPTER 5
EXPERIMENTAL MODULATOR MEASUREMENTS

The operating characteristics of the GaAlInAs/AlInAs multiple quantum well
asymmetric reflection modulator were investigated experimentally using the pump/probe
technique. The pump/probe technique, as shown in Fig. 5-1, consists of exciting the
sample under investigation with a high intensity pump beam and then monitoring the state
of the sample using a low intensity probe beam. The steady-state and transient properties
of the sample under investigation can be measured with different variations of this
technique.

In the sections to follow, a steady-state pump/probe experiment will be

described which was used to investigate the nonlinear behavior of the asymmetric
reflection modulator. In particular, the on/off contrast ratio, insertion loss, and operating
optical bandwidth were measured.

A second experiment utilizing a time-resolved

pump/probe technique to measure the turn-off transient of the modulator will also be
described.

5.1

Steady-State Pump/Probe Experiment

The steady-state nonlinear behavior of the modulator was investigated in a
pump/probe geometry. The laser system used to perform the steady-state measurements
is shown in Fig. 5-2. The 1.064 nm line from a Q-switched Nd:YAG laser is frequency

72

Sample

Transmitted Probe Beam

Probe Beam
•

Pump Beam

Figure 5-1

Schematic of a pump/probe spectroscopy system.
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Tunable Oye Laser
578 - 600 nm
0.532 um
0.578 - 0.6 um

SHG

Q-Switched Nd'.YAG Laser
A. = 1.064 p.m

Lil03 Crystal

1.064 um
Pump Beam

1.27-1.37 jim
Probe Beam

Figure 5-2 Schematic of the tunable laser used in the steady-state pump/probe system.
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doubled in a KTP crystal to produce pulses at wavelengths of 1.064 and 0.532
simultaneously.

The 1.064 and 0.532 /xm beams are separated using a wavelength

discriminating dielectric mirror. The 0.532 nm beam is then used to transversely pump
a tunable Rhodamine 610/Rhodamine 590 dye laser and amplifier. The dye laser is
tunable over the wavelength range of 570 to 600 nm.

The output of the dye

laser/amplifier is then combined colinearly with the remaining 1.064 (im beam using a
dielectric mirror and then incident on a nonlinear LiI03 crystal. The probe beam is
generated by difference frequency mixing the 1.064 pirn line of the YAG laser and the
output of the dye laser in the nonlinear crystal. The probe beam is separated from the
YAG and dye laser beams using a dielectric mirror designed to be highly reflecting in
the 1.3 fim region. The tunable wavelength range of the infra-red probe beam was 1260
to 1370 nm. The pump beam is taken from the 1.064 fxm beam reflected from the
backside of the mirror (R * 0.1) used to combine the 1.064 ^m beam and dye laser
output.

The pump pulse and probe pulse had durations of 9.5 ns and 4.8 ns,

respectively.
The pump/probe system constructed in a reflection geometry used in the steadystate measurements is shown in Fig. 5-3. Both the pump and probe beams are coupled
into short lengths of single-mode optical fiber to improve the transverse mode quality of
the beams. The probe beam is divided by a glass wedge with one beam incident on a
reference Ge detector and the other beam imaged onto the modulator using a convex lens
with a focal length of 15 cm. The pump beam is imaged onto the modulator colinearly
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figure 5-3 Schematic diagram of the steady-state pump/probe system. GTP: Glan
" Thompson Polarizer, MO: Microscope Objective, SMF: Single Mode Optical FVrvr
DEM: Dielectric Mirror.
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with the probe beam through a dielectric mirror designed to be highly reflecting in the
1.3 nm wavelength region.

Both the pump and probe are normally incident on the

modulator with spot diameters of 160 and 40 ^m, respectively. The optical paths of the
pump and probe beams were also matched to ensure that the pump and probe pulses
arrive at the modulator simultaneously. The pump and probe beams were orthogonally
polarized to allow further isolation of the probe signal using a Glan-Thompson polarizer.
The reflected probe signal from the modulator was then imaged back through the glass
wedge and incident on a second Ge detector. The reference and reflected signals were
averaged over 100 probe pulses by a boxcar averager. The measured reflectance values,
obtained from the ratios of the reflected and reference signals, were normalized against
a calibrated mirror. All measurements were performed at room temperature.
The nonlinear reflectance spectra at pump intensities of 0.0, 6.6, and 41 kW/cm2
are shown in Fig. 5-4. The corresponding carrier densities at these pump intensities are
1.0 x 10" cm"3 and 6.2 x 10" cm'3, respectively, assuming a recovery time of 725 ps and
a spacer layer absorption coefficient of 5660 cm'1 at 1.064 pim.4 In the linear spectrum
(no pump) shown by curve 1 in Fig. 5-4, the minimum reflectance occurred at a
wavelength of 1314.3 nm, with a value of 0.00055. As the pump intensity is increased
to 41 kW/cm2, the reflectance at the initial cavity resonance increased to a value of 0.7.
As can be seen from curve 3 of Fig. 5-4, the increased reflectance is the result of the
combined absorptive and refractive nonlinearities associated with saturating the heavyhole exciton as indicated by the increase in reflectance and the shift of the
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Figure 5-4 Measured reflectance spectra of the GaAlInAs/AlInAs asymmetric reflection
modulator for pump intensities of 1) 0.0 (linear), 2) 6.6, and 3) 41 kW/cm2. The
measured data points were connected using a spline plot.
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resonance to shorter wavelengths. The oscillatory structure of the reflectance spectra at
wavelengths below the resonance are a result of multiple reflections from the unpolished
backside of the InP substrate. The origin of the oscillations were verified by calculating
the reflectance of the entire multi-layer structure including the backside of the 500 /xm
thick substrate using the matrix formalism discussed in Chapter 2. It is interesting to
note that these oscillations are only visible experimentally due to the long coherence
length of the tunable laser used in this experiment.
The measured reflectance at the resonance wavelength of 1314.3 nm as a function
of carrier density is shown in Fig. 5-5. As can be seen in the Figure, the reflectance
rapidly increases from a value of 0.00055 +0.0008 at zero pump intensity to a value
approaching 0.72 as the carrier density is increased. Assuming the device begins to enter
saturation when the instantaneous slope of the transfer characteristic is less than unity,
the saturation reflectance value for the modulator is approximately 0.6. This value of
reflectance corresponds to an on/off contrast ratio of 1060:1 and an insertion loss of 2.2
dB at a pump intensity of only 30 kW/cm2, corresponding to a carrier density of
4.5 x 1017 cm 3. The accuracy of the measured reflectance is indicated by the error bars
in Fig. 5-5. The large contrast ratio and low insertion loss are a result of the combined
absorptive and refractive nonlinearities near the heavy-hole exciton peak. Calculations
in which only absorptive nonlinearities were included indicate that the maximum value
of the reflectance at resonance would be 0.67 when the absorption resonance due to the
heavy-hole exciton is completely bleached. However, as seen in curve 3 of Fig. 5-4, the
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80
reflectance at resonance has a value of approximately 0.32, indicating that the heavy-hole
exciton is not completely bleached at the corresponding carrier density.

The high

reflectance is achieved with the additional contribution of the refractive index change
which shifts the resonance to shorter wavelengths, increasing the reflectance at 1314.3
nm to a value of approximately 0.7. The corresponding change in refractive index is
about -0.036.
The wavelength dependence of the on/off contrast ratio for a pump intensity of
41 kW/cm2 was calculated from the data in Fig. 5-4 and is shown in Fig. 5-6.

As

expected, the on/off contrast ratio peaks at a wavelength of 1314.3 nm with a value
exceeding 30 dB. The 3 dB optical bandwidth, defined as the spectral band over which
the on/off contrast ratio is greater than 500:1, is ~ 3.3 nm.

The relatively large

operating bandwidth of the modulator is the result of the low finesse of the asymmetric
Fabry-Perot cavity caused by the low reflectivity front mirror.

The finesse of the

modulator was calculated for the linear case, curve 1 in Fig. 5-4, and found to be J?" »
5. The modulator achieves an on/off contrast ratio of greater than 100:1 over a 5 nm
optical bandwidth.

5.2 Time-Resolved Pump/Probe Experiment

The recovery dynamics of the modulator were measured in a time-resoldc«J
pump/probe geometry. As shown in Fig. 5-7, optical pulses of 1.5 ps duration were
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Figure 5-6 The wavelength dependence of the on/off contrast ratio for a pump intensity
of 41 kW/cm2.
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Figure 5-7 Schematic diagram of the pulse compressed NdrYLF laser used in the timeresolved pump/probe measurements. MO: Microscope Objective, DG: 1200 line/mm
Diffraction Grating, SBC: Soliel-Babinet Compensator, DS SMF: Dispersion Shifted
Single Mode Fiber.
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generated from a fiber-grating

pulse compressed 1.313 ^m, 100 MHz Nd:YLF laser.

The 60 ps pulses produced by the mode-locked Nd:YLF laser were coupled into
approximately 700 meters of dispersion shifted (\, = 1550 nm) single-mode optical
fiber.

The combined effects of self phase modulation and normal group velocity

dispersion at 1.3 ^m broaden the pulses both spectrally and temporally to produce a
linear chirp across the temporal duration of the pulse. The pulses then pass through a
Soliel-Babinet compensator to re-polarize the pulse train in the horizontal plane. Re
polarization is necessary since the efficiency of the gratings used in the compression
system are polarization sensitive. The chirped pulses then pass through a dispersive
delay line composed of a double-pass grating pair to produce pulses of 1.5 ps in duration.
For a more detailed discussion of the fiber-grating

pulse compression technique, the

interested reader is referred to the technical literature.25'27 The pulse width was measured
using an autocorrelator and a hyperbolic secant squared pulse shape was assumed.
The time-resolved pump/probe system is similar to the steady-state pump/probe
system described previously except that the pump beam travels through a variable delay
stage. The pump and probe beams are both derived from the pulse compressed Nd: YLF
laser described above, and they were orthogonally polarized to isolate the probe from the
pump. The pump and probe beams were normally incident on the modulator with spot
diameters of 100 and 34 ^m, respectively. The large pump beam eliminated effects of
diffusion of carriers away from the probed region of the modulator. The measured
response of the modulator with a carrier density of 1.4 x 1016 cm"3 is shown in Fig. 5-8.
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The fast turn-on of the modulator is the result of the generation of electron-hole pairs by
the pump pulse. The modulator recovers exponentially with a time constant of r « 725
ps as determined by the calculated fit (dashed curve in Fig. 5-8). The recovery time of
the device is consistent with measured recovery times for similar materials.5 The fast
recovery of the modulator makes it potentially useful in optical processing systems where
bandwidths approaching 1 GHz are required.
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CHAPTER 6
SUMMARY
The operating principles of an asymmetric reflection modulator have been
discussed. In Chapter 2, a simple single layer model was developed that predicted large
reflection changes at the resonance wavelength are feasible if an absorbing spacer layer
is properly designed.

A multiple layer theory was also discussed which allowed an

accurate model of the actual multiple layer device to be developed. Chapter 3 discussed
the optical properties of quantum wells with an emphasis on the use of the quantum size
effect to shift the absorption edge of the material to the 1.3 fj.m spectral region. The
effects of the coulomb potential on the linear and nonlinear properties of quantum wells
was also discussed. The results from Chapter 2 and Chapter 3 were then used in Chapter
4 to design an asymmetric reflection modulator and predict how it should perform.
Finally, in Chapter 5, the results of a steady-state and a time-resolved pump/probe
experiment were discussed.
In summary, we have demonstrated the first all-optical GaAlInAs/AlInAs MQW
asymmetric reflection modulator for operation at 1.3 fim.

By using the combined

absorptive and refractive nonlinearities associated with saturating the heavy-hole exciton
resonance, an on/off contrast ratio exceeding 30 dB and an insertion loss of 2.2 dB has
been achieved at a pump intensity of only 30 kW/cm2, corresponding to a carrier density
of 4.5 x 1017 cm 3. The modulator was demonstrated to have a large operating bandwidth,
achieving an on/off contrast ratio of greater than 100:1 over a 5 nm optical band. The
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operating speed of the modulator was measured and found to approach 1 GHz. The
high-contrast ratio, low-insertion loss, and high-speed make the modulator ideal for use
in optical interconnect and signal processing applications where spatial light modulators
and optical gates are needed.
The asymmetric reflection modulator developed in this Thesis has achieved a large
contrast ratio which is essential for optical signal processing applications. However, the
operating speed of the device is limited by the carrier lifetime of the MQW material used
for the spacer layer. If multi-gigahertz processing rates are to be achieved, the operating
speeds of all-optical devices must be increased without resulting in large power
requirements for device operation. To do so, novel materials such a asymmetric coupled
quantum wells and low-temperature MBE grown InGaAs may offer alternatives to using
conventional MQWs for the nonlinear materials in all-optical devices.
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