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Abstract

Towards fabricating stress-tuned lasers on GaAs substrates, four major topics have been addressed. First,

fabrication of piezoelectric thin films on GaAs has been accomplished. A maximum remnant polarization

of 20 ~C/cm2 and a coercive field of 60 kV/cm were achieved. Improvement in the quality of the Si3N4

passivation layer (from a pinhole density of 1700 mm-2 down to 60 mm-2) and optimization of the electri-

cal properties of the PZT via rapid thermal annealing were primary issues. Second, theoretical calculations

to determine the amount of stress which a PZT thin film could induce in a particular substrate geometry

were made. Experimental photoluminescence data from simple structures indicated that insufficient stress

was being coupled into the substrate to induce a significant shift in the luminescence wavelength. Several

structures which enhanced the maximum obtainable stress were designed and analyzed. Third, to fabricate

the structures, the anisotropic etching properties of GaAs using an acidic peroxide etchant were experi-

mentally analyzed and characterized. The determination of etch rates and beam shapes was accomplished.

The effect of etchant agitation was also explored and utilized. Finally, a theoretical background and simple

model for determining the potential tuning capability of a piezoelectrically tuned GaAs Fabry Perot mode

laser was developed. The model indicates that considerable tuning range may be achievable in the stress-

enhanced structures.
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1. INTRODUCTION

Tunable semiconductor lasers are used for optical communications, sensing devices, testing systems, and

more recently, applications such as atomic clocks. Present technology generally uses current injection to

induce a refractive index change which modulates the laser frequency [1]. This method has several draw-

barks, including large power consumption and laser linewidth broadening.

A promising alternative to current injection tuning is a method employing mechanical strain induced by

piezoelectric actuators. These can potentially operate at lower power because the tuning-associated con-

duction losses are eliminated. Inducing strain achieves tuning by storing mechanical energy in a semicon-

ductor and changing its bandgap and does not dissipate energy as a conduction loss.

The goal of this project is to develop the technology needed to fabricate micromechanically strain-tuned

semiconductor lasers. The current work focused on GaAs as the optical material because of the consider-

able knowledge which exists about its properties; however, other optical semiconductors could also be

tuned via the same method. Towards this goal, both experimental work involving the fabrication of PZT

thin films on released GaAs beam structures, and theoretical studies involving the calculation of induced

strain and potential optical response tuning were undertaken.

To maximize the strain induced in the GaAs, lead-zirconate-titanate PbZrx Til.xO 3 (PZT) was selected 

the actuator material because of its superior piezoelectric properties, which are discussed in Section 2.

Considerable progress has been made recently in depositing high quality PZT films via both sol-gel [2] [3]

and sputtering [4]. The use of composite target magnetron sputtering, rather than sol-gel processing, is

promising because the film thickness is easily varied and uniform film compositions can be achieved over

large areas. This method has been found to be compatible with GaAs processing.

Calculations which describe the induced stress in the GaAs for several geometries are presented in

Section 3. The properties of the etching required to form such geometries are analyzed in Section 4. The

processing and fabrication employed, along with the experimentally determined properties of PZT thin

films, are presented in Section 5. Finally, Section 6 discusses the theoretical background for determining

the potential stress-induced tuning range of GaAs semiconductor lasers.



2. PIEZOELECTRIC MECHANICAL AND ELECTRICAL BEHAVIOR

2.1 Piezoelectric Behavior

The theory of piezoelectricity is complex and requires a thermodynamical treatment of crystals in order to

develop the fundamental relationships. Only a qualitative description of the piezoelectric effect and some

of the necessary fundamental equations are presented here. For a more thorough discussion, see [5], [6],

and [7]. The basic behavior, assuming no body torques are present in the material, is described by

P2 ]d21 d22 d23 d24 d25 d26I
= (~)

Ld31 d32 d33 d34 d35 d36]
~51

where P1, P2, and P3 are polarizations in the x, y, and z directions. 61, 62, and 63 are tensile or compres-

sive stresses applied in the x, y, and z directions, 64 is a shear stress applied in the y direction to a plane

perpendicular to the z axis, 65 is a shear stress applied in the z direction to a plane perpendicular to the x

axis, and 66 is a shear stress applied in the x direction to a plane perpendicular to the y axis. dip are the

piezoelectric coefficients relating polarization to stress. The behavior is shown in Figure 1.

" "
¯ Zr, Ti~ / ~/

AP= ~ d33~ 3 AP3=d31~1 AP1=d15~5

(a) (b) (c) (d) (e)

FIGIUFIE 1. (a) Atomic configuration of non-poled PbZrO3 or PbTiO3. (b) Two-dimensional view of the
structure with some remnant polarization as indicated by the displaced central cation. (c) Effect 
uniaxial stress applied parallel to direction of remnant polarization. (d) Effect of uniaxial stress applied
perpendicular to direction of remnant polarization. (e) Effect of shear stress. Note in this case the
polarization change is perpendicular to the remnant polarization direction.

The crystal structures of lead titanate and lead zirconate are shown in (a). It can be shown that piezoelec-

trics, upon application of sufficient electric field, may enter a stable minimum energy state in which the
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central cation (Ti, Zr) is displaced from its neutral position, as indicated in (b). Because Ti and Zr are posi-

tively charged, this displacement generates an electric dipole. The material is then polarized, with a rem-

nant polarization Pr existing when the field is no longer applied. The value of the polarization may be

changed either with an applied electric field or applied stress. In (c), a tensile stress in the z direction pulls

the ’cation further from its neutral position, increasing the polarization by an amount AP3 = d33(Y3. In (d), 

tensile force in x causes a net decrease in polarization given by AP3 = d31(Yl, thus d31 is a negative piezo-

electric coefficient. Finally, in (e), a shear force gives the polarization vector an x-component given by AP1

= dis 0-5.

The apparent complexity of (1) is reduced by the symmetry of the crystal. There are only three independent

non,zero coefficients, those shown in Figure 1. From (d), it is apparent that ~1 produces a change in polar-

ization identical to that produced by ~2, thus d31 = d32. From (e), it can be observed that 5 will pr oduce a

polarization change AP1 equal in magnitude to the polarization change AP2 induced by (~4, thus d15 = d24.

(Y6 will not displace the central cation Whatever, and thus dl6 = d26 = d36 = 0. Similarly, all other coeffi-

cients can be shown to be zero.

Once the polarization has been defined the electric displacement can be described by [5]

Di = APi+E~Ejj = dip~p+e°..E.(i,j=l~J j .... 3;p=l 6) (2)

where dipCYp is the appropriate polarization change from above, ~ is the dielectric constant at constanttj
s~ress cyp, and Ej is the electric field.

2.2 Converse Piezoelectric Effect

Just as a stress will induce a polarization in a piezoelectric material, an applied electric field, which creates

a polarization, will induce strain in a piezoelectric (or stress if the material is clamped.) The complemen-

tary equation to (2) which describes this effect is given by [5]

E + (i=1 3;p,q= 1 6) (31ep = Spq~Yq dipE i ....

where ep is strain, and SpqE is the elastic compliance at constant electric field. This equation can be used to

determine the stress distribution in piezoelectric material assuming that SpqE, dip and Ei are known, along

with sufficient boundary conditions. The elastic compliances are well known for many materials, and the

electric field can be independently controlled. The linear piezoelectric coefficient is given by [5]

d31 = 2Q12P3E33 m/V (4)

and similar expressions for d15 and d33. P3 is the spontaneous polarization, E33 is the dielectric constant,

and Q12 is the electrostrictive coefficient. It has been shown that in electrostrictive materials strain is pro-

portional to the square of the applied field. It can be shown that d is proportional to the derivative of the

3



electrostrictive strain near the value of remnant polarization. (3) and (4) will be used later in calculating

stress distributions and evaluating film quality. It is apparent from (3) and (4) that in order to obtain large

stresses or strains, the polarization and dielectric constants should be maximized.

2.3 Polyerystalline Ceramic Thin Film Piezoeleetrics

When piezoelectric materials like PZT are created in thin film form, they are polycrystalline ceramics. As a

result of being polycrystalline, there are many grains oriented in different directions. Before the applica-

tion of an electric field, these grains are randomly oriented, and there is no net polarization. When a suffi-

cient field is applied, the Ti and Zr atoms will tend to be displaced in the direction of the field and a net

polarization will occur. This event is called poling. When these materials are poled, not all of the individual

polarization vectors can line up in one direction; they are clamped inside the grain. This makes the

observed polarization less than in single crystal materials. Experiment has shown that a composition of

approximately Pb(Tio.465Zro.535)O3 [2] has high polarization values and piezoelectric coefficients even in

ceramic form. As a result, PZT was chosen as the piezoelectric for this project.

2.4 Deposition Techniques

Two primary methods for fabricating PZT thin films have been explored. They are the sol-gel method and

sputter deposition. In the sol-gel method a solution containing the proper amounts of piezoelectric constit-

uents is spun onto a substrate and then sintered to remove all but the piezoelectric elements. Annealing

then allows the formation of the proper crystalline stmcture.

Sputter deposition can be carried out using either elemental targets or a composite oxide target. In both

cases, the stoichiometry is somewhat more difficult to control than in sol-gel because of the different sput-

tering rates of the constituent elements. Sputter deposited films also require an annealing step to obtain the

proper perovskite crystal phase (that shown in Figure 1.)

3. ANALYSIS OF PIEZOELECTRICALLY INDUCED STRESS IN GaAs

Given the properties of a PZT film, the amount of stress which can be induced in a particular GaAs struc-

ture can be calculated. The symbols used in the following analysis are listed in Table 1.

3.1 Simple Planar Structure Analysis

From a fabrication standpoint, probably the simplest structure to generate is one similar to that pictured in

Figure 2, which consists simply of some thickness t of PZT film deposited on a thickness h of GaAs. Passi-

vation and metal contact layers are not shown in the diagram and are also neglected in the following anal-
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ysis. Mechanical theory [8] suggests that for this simple structure, the stress distribution has the linear

character shown in the plot in Figure 2.

TABLE 1. Symbols used in the stress analysis of PZT on GaAs

Symbol Units Quantity

E

d31
m
t

h

Pa

gm/gm
Pa
Pa
Pa gm
V/m
m/V
Pa/gm
gm
pm

stress
strain
Young’s modulus
stress at z = 0
mechanical moment
electric field
piezoelectric constant
stress gradient
PZT film thickness
substrate thickness

diode laser

~~
[Pa]

P

h z [lam]

FIGURE 2. Left: Diagram of PZT deposited on GaAs. Right: Predicted stress distribution in the two
layers.

In the following analysis, subscript P denotes PZT and S the substrate, in this case GaAs. At constant tem-

perature and assuming zero strain when no field is applied to the piezoelectric, the stresses in the PZT and

GaAs are

~p =- Yp (ep- d31E) = mpz + Bp

~S =- Yses = mSz + Bs

where Yp and YS are the Young’s moduli for biaxial stress, defined by Y = 1/(Sll + s12).

The strains can then be given by

(s)

(6)

mpZ + Bp
ep - yp + d31E (7)



and

mSz + BS
es - YS (8)

To solve for the values mp, mS, Bt~ and BS it will be assumed that no net translational or rotational motion

of the sample occurs. With no translation a summation of all stresses in a cross section of the material must

give

Zo = 0. (9)
z

Thus

o h

I (mpZ + Bp) dz + I (msz + Bs) dz = O.
-t 0

Performing the indicated integration and solving for mp yields

(10)

2Bpt + 2Bsh + msh2

mp. =
t2

If there is no rotation, there is no net moment so

(11)

~;My = 0. (12)

’]~US

o h
~ (mpZ + Bp) zdz + I (msz + BS) zdz = O.
-t 0

(13)

Solving again for mp gives

3Bpt2 - 3Bsh2 - 2msh3
mp = (14)

2t3

At z = 0, the boundary condition ep = es exists. This condition is equivalent to stating that no delamination

or dislocation occurs at the interface between the PZT and GaAs. Equating (7) and (8) and solving BS
yields

BS = YS ~ + d31E ¯ (15)

For the simple case which is being considered, the structure bends in such a way that its shape becomes

that of a portion of a spherical shell. Because circumference is proportional to radius, the length of the
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sample and thus the strain must vary as the radius, which is a linear variable. Thus the strain in the two lay-

ers is linear and, as previously discussed, continuous. The slope of the strain must be a constant throughout

the layers, or equivalently,

dep dep

dz dz "

Using (16) after differentiating (7) and (8) 

(16)

Now substituting (15) and (17) into (11) and solving Bp yiel ds

(17)

Bp =
Yp )

Substituting (15), (17), and (18) into (14) and solving mp yiel ds

(18)

From (17) and (19)

mp =
-6th (t + h) d31EYP

~t4+ YS h4+
¯ G 2th (2t 2+ 2h2+ 3th)

(19)

mS =
-6th ( t + h) d31EYS

YP 4 YS h4
-y-~s t +~pp +2th(2t2+2h2+3th)

Substituting (20) into (18) gives

B

Ysh2")

-3th(t+h) 2 ~pp )d 31EYP
hd31EYP

t Ysh’~ f YP 4 YS h4

Ypt

+-~p )~S t +~pp +2th(2t:Z+2h~+3th)) -~S 

From (15) and (21)

BS ---

Ysh2"~
-3th(t+h) 2 ~ee )d 31EYs

td31EYS

+_~p )~_y_~stYSh’~fYP 4 + ypYSh4 +2th(2t2+2h2+3th) t +--yp

(20)

(21)

(22)
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The stress in the GaAs at z = h (the backside) is plotted in Figure 3 as a function of GaAs thickness h, with

PZT thickness t as a parameter, for Yp = 72.5 GPa, Ys = 91.0 GPa, d31 = -49 prn/V, and E = 35 MV/m.

~ ~I / /...i t[l.tm]
tz _50~~ ,,,’ /..."

-- 0.1
l’,;’ /" ---0.6

.. - ....3.0
t’:’"’/ , -i-10.0_150I/,,,,,,,,

0.0 2.0 8.04.0 6.0 10
h [pro]

FIGURE 3. Stress in GaAs at z = h as a function of
GaAs thickness h, with PZT thickness t as a parameter.

From the figure it can be seen that for PZT films which are easily fabricated (thickness < 2 gm), the maxi-

mum stress for this type of structure can only be achieved for extremely thin sections of GaAs (< 2 gm).

Fabrication of a laser structure on such a thin sample is quite challenging due to confinement problems and

electroding difficulties. Thus there is certainly motivation for designing structures which have larger

stresses and are more easily fabricated.

3.2 Enhanced-Stress Structures
To generate higher stresses in the GaAs, structures can be fabricated which enhance the stress-inducing

capability of the PZT thin film. One such design is shown in Figure 4. This structure contains a PZT mem-

brane of large area and a thin GaAs beam.

FIGURE 4. Structure for generating large stresses in GaAs.
The thin beam in the foreground has cross-sectional area AS,
and the PZT film is of thickness t.



The cross-sectional area of the thin beam in the foreground is As, and the PZT film has cross-sectional area

Ap = tg where t is the PZT thickness. Performing an analysis similar to that of the previous section, and

once again neglecting the effects of metallization and passivation layers, yields an axial strain in the GaAs

beam of length LS given by

-Lpd3 IE -d3 ! E
= (23)

~s = LpAs Asb Ls As Ls
Ap----~p+-~S+~-S ApYP+ LPYS

The approximation makes the assumption that As << gf and b < LS. Thus we see that the stress is depen-

dent on the ratio of the lengths of the beam and PZT film, and the ratio of the cross-sectional area of the

beam and PZT film. The axial stress in the GaAs beam is plotted in Figure 5 as a function of ratio of GaAs

and PZT cross-sectional areas for various ratios of length. A comparison of Figure 3 and Figure 5 shows

that considerably larger stresses can be achieved in this structure.

300., \,,

250 :, "\
~ \ -- 1.00

~ 200 \" --0.50~
~ \ ..... 0.33

~ 150 \\

N’~...~ 100
~~..

s0
gjo,,,, ........................0.5 1.0 1.5 2.0 2.5 3.0

A/Ae

FlaO~ 5. Calculated ~ial stress in the G~s beam shown
Figure 4 as a function of ratio of GaAs ~d PZT cross-sectionN
~eas for various ratios of length.

4. ETCHING PROPERTIES OF GaAs
4.1 Basic Etching Mechanism and Anisotropy

To release small, thin beams in the GaAs substrate which could more easily be strained by a PZT actuator,

a 1:8:1 H2SO4:H202:H20 etchant was selected. Its etching properties on { 100} GaAs substrates have been

reasonably well determined by Shaw [9] and Adachi [10], although there is some disagreement in which

planes this etchant reveals. The etching mechanism involves an oxidation process and a dissolution pro-

cess. Because different crystal planes usually oxidize at different rates, oxidizing etches can potentially be

highly anisotropic. (For a more detailed description of the oxides which are formed and their dissolution

rates, see [11], [12].) In this case, the peroxide acts as an oxidizing agent and the sulfuric acid dissolves the

9


