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1.0      INTRODUCTION 

Before a detailed discussion of optical modulating devices can be undertaken, 
an understanding of several phenomena must be achieved which explain why 
modulators can accomplish their prescribed operation. 

The first of these effects is the Franz - Keldysh effect. Published in 1958 in two 
separate treatises (Ref 1), these two men described the effect an applied electric field 
can have on the fundamental bandedge of a semiconductor. 

An illustrative way to see this proof is to consider a Zener diode (Figure 1). As 
the reader will recall, the diode is a p-n type comprised of degenerate doping levels (p 
& n > 10 exp 18 cm"3) operated under reverse bias conditions. Associated with such 
operation is the energy band diagram of Figure 2. 

A valence electron seeking an interband transition can traverse the energy 
spectrum (into the conduction band) in two ways: 

(1) Absorb energy h© > Eg providing it sufficient energy to elevate to the 
conduction band (a very unlikely scenario given the environment). 

(2) Tunnel through an energy barrier to reach the conduction band. 

Let us consider approach (2). The valence electron is confronted with a barrier 
of height, Eg, and thickness, t, through which it must tunnel (Figure 3). Obviously, a 
relation exists between the force produced by the applied electric field and the barrier 
as follows; 

qE      =        Eg/ t 

thus: 
t =        Eg/qE 

when energy (i.e., photon or phonon) absorption occurs, it can decrease the barrier 
height by a value, ho. Hence, 

t =        Eg - ho / qE 

As can be seen from this equation, a reduction in the barrier width would be 
produced and would certainly increase the probability of tunneling in accordance with 
Yang's equ. 4-45 (Ref. 28, p. 108). In order to elucidate this point, one can begin with 
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Figure 1 - Zener diode cross section 
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Figure 2 - Zener diode energy band diagram 

Figure 3 - Zener tunneling mechanism schematic 



Yang's equation and derive the more familiar Zener tunneling equation (Ref. 27, p. 198, 
equ. 13-19) in terms of the bandgap energy and the electric field. 

-87tXd{2qmeXb}'/2 

I tunneling exp 

3h 

(Let:   x«j = t &        qxb = Eg) 

-87it{2meEgf 
I tunneling — exp 

3h 

(Recall: t Eg / qE) 

nneling = 
-8% {2 me t Eg

3/2 

exp 
3hqE 

(Divide top & bottom by 2%) 

-4{2me}
1/2Eg

3/2 

rtunneling = exp Q.E.D. 
3hqE 

In the case of absorption taking place at a level less than the bandgap energy, 
this equation can be rewritten as : 

-4 {2 me t (Eg - hcp)3/2 

' tunneling ~ exp 

3hqE 



We can see from this equation that absorption beneath the fundamental 
bandedge will result in an increase of Zener tunneling probability (which is dependent 
on the applied electric field). The pending question is: "By what mechanism does this 
absorption occur?" 

When considering traditional E-k relationships in a direct band semiconductor, 
we make several assumptions: 

(1) One electron traverses throughout a periodic potential (i.e., lattice). 

(2) No allowed singularity at the conduction band minimum and valence 
band maximum. 

(3) Ignore the Coloumbic interaction between the e-h pair (created 
in an interband transition). 

If we remove assumption (3), we find, at low thermal energy, this Coloumbic 
attraction binds the e-h pair producing a quasi-particle known as an exciton (Figure 4). 
The exciton can be viewed as the first excited state of one electron energy band 
possessing binding energies of: 

En
ex     = 13.6(1/nsr)

2(mr/me)       eV 

(n = integer; mr = reduced mass ;       s r =   dielectric constant) 

As can be seen from Figure 4, the exciton is not localized but allowed to move 
throughout the entire crystal as a "particle" with effective mass, M = me + mh. In k- 
space, the binding energies become: 

En
ex (k)   =   En

ex + (h2k2 /2M) 

Shown below (without proof) is the effect these exciton absorptions have on the overall 
absorption coefficient; 

an (ho)   = 2.7 x 105 (2 mr / mef
2 f (ho - Eg - En

ex)1/2 (nr)"
1        cm" 
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Figure 4 - Exciton creation mechanism 



where: f = oscillator strength =   1  + (me / mh) 

M + mh 
mr  = 

Mrrih 

nr = refractive index 

We can see an effect (thermal, electrical, strain, etc.) induced shift in the exciton 
energy would result in a change of the isotropic absorption coefficient. This energy shift 
(for a multiple quantum well (MQW)) can be seen as: 

A En
ex = -3x1 CTU (me + mhh) E^ dQW      eV 

resulting in an anisotropic exciton absorption coefficient (shown for heavy hole case 
only): 

2.9 x103 -(En
ex-h©)2 

aex(h(a)   =      exp 
n<aw daw r 2 T 

(r = exciton linewidth) 

Thus, a shift in exciton energy induced by an "effect" will alter the absorption 
coefficient of the semiconductor. This is accomplished due to the resultant change in 
dielectric constant which occurs (the reader is referred to the Kramers-Kronig relation 
for a more in-depth explanation of this change and its role in changing the imaginary 
part of the refractive index). Hence, this mechanism forms the basis for modulators 
which take advantage of electroabsorption changes to perform their operation. 

In order to maximize this electro-optic effect, one would design a structure to 
absorb energy (i.e., photon from an optical beam) as close to the exciton resonance 
peak as possible without completely overlapping it (for fear of full absorption and non- 
radiative recombination). 

An alternate mechanism is Wannier Stark (W-S) localization. Wannier-Stark 
localization has been observed by two research groups (Ref 13, 18). This effect states 
that when an electric field is applied normal to the MQW (i.e., parallel to the growth 
axis), a series of localized, quantized electron eigenstates occur over a length: 



X = Eg / qE 

{X = wavelength of the tunneling electron) 

All groups have reported no such effect observed in bulk materials. These 
materials tend to reflect the well known Franz-Keldysh effect only. However, the 
introduction of an MQW with a barrier width tailored to the wavelength of the electron 
seems to promote W-S localization. Empirical data suggests that at a high field limit: 

qE n<2w dcjw 

  >     1 

Eg 

the superlattice behaves as a series of uncoupled quantum wells as the electric field is 
increased beyond a critical value (See Fig 5 ). Another way to see this is to examine 
the PL data at various electric fields (See Fig. 6). One can clearly see a shift, a 
sharpening and a change in magnitude of the interband transition linewidth as we 
progress from low fields through moderate fields to high fields. 

A famous relationship which has become the signature of W-S localization is the 
inverse proportionality between the absorption coefficient and electric field. When this 
phenomenon is observed, the so - called "Stark ladder" of energy states has been 
deduced from the data. The absorption peak (Bloch) oscillates with respect to the 
applied field. While it has been shown that the superlattice acts as a series of 
uncoupled wells at high field, it is assumed only adjacent wells undergo this 
phenomenon (at moderate fields) and can contribute to the overall effect. 

Using W-S localization as a basis, let us consider what could happen WITHIN a 
single QW. If the applied field can overcome the Coloumbic attraction between e-h 
pairs residing in the same well, the force induced by the field can separate (confine) the 
electrons and holes to opposite sides of the well. This separation would lead to a lifting 
of the Krammers degeneracy (i.e. splitting of the light and heavy hole bands). Evidence 
for this effect is seen when one observes a variation in the hole (lh;hh) effective mass 
under field. This variation induces a change in the exciton binding energy (i.e., 
broadening of the transitions) for increasing electric field. The exciton effective mass is 
dependent upon the sum of the Ih and hh masses and the electron mass. 

7 
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Figure 5 - Conduction- and valence-band profiles for 
(a) small, (b) moderate, and (c) high electric field 
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This overall effect is a quantum confinement of states which maximizes the 
separation of electron and hole wavefunctions (intrawell) and establishes a mechanism 
for fast switching of light incident upon the modulator via the modulation of the 
electroabsorption (which is dependent on the effective mass changes). 

This quantum confined Stark effect (QCSE) forms the basis for the device 
studied in this paper. 

2.0      SUBSTRATE CHARACTERISTICS - BIAS VICE STRAIN RELATIONSHIP 

Historically, the induced strain in the epitaxial layer has been provided via 
epitaxially lifting off (ELO) a film and "bonding" it, using Van der Waal forces, to a 
prescribed substrate having preferential orientation cuts. Thus, via thermal annealing, 
the strain orientation and magnitude has been "frozen" into the epitaxial layer. 

The governing equations for such a mechanism involve the lattice constant of 
the epitaxial layer, the substrate and the annealing/operating temperatures as follows 
for the x-y plane; 

Exx(T)= TofT[ax(T) -aMQw(T)]dT 

£yy (T) = TOT [ay (T) - aMQw (T)] dT 

This technique is laborious and provides for a single mode device operated at 
low temperatures. What if we were to replace the candidate substrate with a 
piezoelectric material capable of providing this induced strain via the (converse) 
piezoelectric effect. This effect would provide a direct relationship between the applied 
bias (i.e., electric field) and the corresponding strain which is REVERSIBLE with a 
change of polarity. In addition, the ability to provide biaxial strain would be made 
simpler since there would now exist a simple matrix relation between constituent parts 
of the x-y plane. This mechanism would create a multi-mode, room temperature 
operating device whose mode would be strictly governed by the applied bias or 
frequency. 

In general the matrix relationship between induced strain and applied electric 
field can be shown to be: 

Sj = dy Ej 

10 



For the purpose of illustrating the theory, we will use the 422 crystal class. This 
class is uniquely interesting for it provides the simplest matrix relation for achieving 
induced strain. This simplicity allows the theory to reduce to a manageable set of linear 
equations. 

Class 422 ; SHEAR Strain 

Assume    Bi]2-SiO20 

Sillenite 

V := 2   volts t := 10"6 m 

d := 4010" >-12 coul 

newton 
E : = 

10' 

y 
m 

S : = 

0 0 0 d 0 0 

0 0 0 0 -d 0 

0  0  0  0    0   o/ 

S : = 

00008\ 

0 

0 

From this simple illustration, we deduce that for a sillenite substrate of thickness 
1 micron, we can apply a bias of 2 volts to produce an induced strain in the x- direction 
of .008%. 

11 



3.0      DEVICE DESIGN CHARACTERISTICS 

Consider the Structure of Figure 7. As light is passed through the spatial light 
modulator (SLM) structure, several parameters are affected leading to the required 
modulation of light. These parameters are defined below. 

INTENSITY OUTPUT: 

I (V) =  l0 (V) { SIN2 [9 (V) -    9OFF] + COS [2 9 (V)] COS [290FF] SIN2[A<i>(V)/2] 

INTENSITY AT SLM: 

lo(V)= l,NCe-a(V)d 

(d = dQW x numberQW) 

ISOTROPIC ABSORPTION COEFFICIENT: 

A theoretical or empirical method may be employed as follows; 

Calculate:     a(V)= lm{Aj(E- Ej + irj)"1+ B, in [ r, + i(E - Ej - Eje*)]} 

where: {j = 1 (hh), 2 (Ih)} 

or 
v 

Empirical:     E   = 
(dQW + dB) x nQW 

POLARIZATION ANGLE OF ROTATION: 

9 (V) = arctan [ exp (Aad / 2)] - 45° 

ANISOTROPIC ABSORPTION COEFFICIENT: 

Aa (V) = a (V) [ + 2 (3)A SIN(2<|>) / (2 + COS(2<|>))] 

12 
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Figure 7 - Proposed device structure and testing configuration; 
insert: a cross section of the device 
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PHASE RETARDATION ANGLE: 

= ARCTAN [ (3),/2 71 / (1 + (1+3TI2),/2)] 

where: 
AES 

T|=   

AEQW + (1 - 2y) AES' 

AES = b (sxx - e yy) ; AES' = b (s« + s yy) 

y = Si2 / Si2 + Sii 

s« (T) = To/
T [ax (T) - aMQW (T)] dT 

Syy(T)= To/T[ay(T) -aMQw(T)]dT 

RELATIVE PHASE RETARDATION ANGLE: 

Acj>= 2UAn/X 

[An (BIREFRINGENCE) = nx - ny IS MEASURED EMPIRICALLY] 

n = index of refraction 

4.0      PERFORMANCE CHARACTERISTICS 

CONTRAST RATIO: 

l(V°N) 
C.R. =   

l(V°FF) 

14 



POWER DISSIPATION: 

ELECTRIC POWER PROVIDED --> P=   Watts / Area (S) 

OPTICAL POWER AT SLM ->   l,NC (1 - ea(V)d) 

OPTICAL POWER ABSORBED AT 2ND POLARIZER: 

I |,NCe-*Md-l(V) I 

MODULATION DEPTH: 

10 LOG (PTRANS {ON}) - 10 LOG (PTRANS {OFF}) 

5.0      EXAMPLE 

In order to illustrate this model, the following numerical example is used; 

ASSUMPTIONS: 
V 14 volts l = 1 MA 

W 14|iW S QxlO^cm2 

daw     = 80A dB 
= 60 A 

now     = 150 Tj = 4 meV (@ R.T.) 
0OFF      = 0° b = 2eV 
ax 16.2 x10"6/ °C ay = aow     = = 6.2x10"6/°C 
Syy              = 0 T0 

= 150°C 
Szz          = Y(S xx + S yy) ® ysxx l|NC = 1 (NORMALIZED) 
VoFF      = 14V IDEAL QW ( i.e., NO FLUCTUATIONS) 

VON     = ov X = 845 nm 

CALCULATED FROM STANDARD 
QUANTUM WELL HAMILTONIAN 

Ej        = 1.424 +        .059    = 1.483 eV 
Ejex     =        8meV(hh);   7 meV (Ih) 

15 



CALCULATED FROM 
LUTTINGER-KOHN HAMILTON IAN 

H£ 

1/2[AEQW+AES(1 -2y)] (3/2/2) AES 

»% (3'7 2) AES V2[ AEQW + AES (1 - 2y)] 

AEQW =        10 meV 

5.1      DESIGN ISSUES 

(1) l(V) = 5x104 

10 
(a.u. @VON) 
(a.u. @VOFF) 

(2) lo(V) 5x104 

4x103 
(a.u. @VON) 
(a.u. @V0FF) 

(3) cc(V) = 20,000 cm"1 

(4)      0(V) = 15° 

(5)      Aa(hh)=   7700 cm"1 (VON) 
5400 cm"1   (VQFF) 

(6) <|> = 37° 

where: y        =       .12% 

(7) A<f> =    30° 

16 



2 

5.2      PERFORMANCE ISSUES 

(1) CONTRAST RATIO: 

C.R. = 5000: 1 (@ R.T.) 

(2) ELECTRIC POWER PROVIDED ->      15.5mW/cm 

OPTICAL POWER AT SLM -> 1 W/cm2 

(3) OPTICAL POWER ABSORBED AT 2ND POLARIZER: 

.11 W/cm2 

(4) MODULATION DEPTH:     37   dB 

6.0      CONCLUSION 

It can be seen by this simple treatise that the use of piezoelectrically driven 
strain may provide the incremental engineering performance improvement required to 
allow attainment of the next generation of SLM. This strain requirement is solely 
dependent on the choice of the correct material and the ability to grow that material as 
pure as possible to avoid defect - related anomalies from occurring which would 
degrade the SLM performance. 

The realization of such devices for practical use will result in the implementation 
of optical pattern recognition systems, for target recognition, which provide high 
contrast, high speed, real time threat analysis. 
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