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ABSTRACT 

This dissertation presents the results of experimental research on the 

nonlinear refraction in JnSb and the experimental demonstration of two nonlinear 

etalon devices using JnSb as the active material. The first portion of the 

dissertation considers the Dynamic Burstein-Moss Shift model for nonlinearities in 

narrow-gap semiconductors. The physics and the equations are reviewed. and 

limitations in describing intensity dependent refraction in a semiconductor are 

considered. These limitations arise from the nonlinear dependence of charge 

carrier density upon irradiance. The second portion of the dissertation presents 

experimental measurements made on the nonlinear refraction of JnSb at 

temperatures between 80 K and 182 K. for wavelengths from 5.75 Ilm to 6.10 

Ilm. where the photon energy lay in the band tail below 100 cm- I . 

Measurements of the linear absorption were first made with an infrared 

spectrometer for temperatures from 80 K to 300 K. The nonlinearity was 

measured by analyzing the transmission through JnSb etalons. Nonlinear 

transmission curves were digitized and stored with an IBM PC-XT. then a curve 

fit was performed using the nonlinear refractive index as a fitting parameter. 

Observations are reported of increasing absorption. due in part to a thermal shift 

of the absorption edge. 

The second portion of the work presents the theory and demonstration 

of a bistable etalon using an edge-injected control beam. Plane-wave nonlinear 

etalon theory is used to describe the operation of such a device, illustrating the 

way in which switching and logic gate operation can be obtained. Two devices 

xi 
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based on this concept are demonstrated: the 3-port device using a single control 

beam. and the 2S0N gate using two control beams to perform two-input logic 

operation. The extension of the 2S0N gate to an array of pixels. and some 

considerations for optimizing array performance. are considered. 

Two appendices follow the body of the dissertation. the first describing 

the preparation of the InSb eta Ion samples. and the second detailing several 

procedure for maintenance and operation of the CO laser used. 



CHAPTER 1 

INTRODUCTION 

The topic of this dissertation lies in the broad field of nonlinear optics. 

More specifically, the topic is within the two research areas of bistable optical 

devices and of nonlinear optical processes in semiconductors. These areas have 

become somewhat intertwined in the seven years since the demonstration of 

optical bistability in semiconductors. They encompass a variety of topics covering 

the study of optical materials, the investigation of specific nonlinear devices, and 

the integration of devices into systems for optical processing. 

The intense interest in these two research areas can largely be explained 

by four factors. First, there is the basic interest in studying and understanding 

new phenomena which characterizes the Western approach to research and 

scholarship. Second, the advances that have been made in semiconductor 

technology over the last two decades--particularly the technique of molecular 

beam epitaxy (MBE)--make possible the development and fabrication of intricate 

nonlinear semiconductor devices for detailed study. Third, the advances in 

electronic computer technology, and the perceived limitation of serial computer 

architecture, motivate interest in exploiting the highly parallel nature of optics in 

order to produce very high-speed all-optical computers. Finally, the development 

of optical fiber communication systems, and their anticipated growth through the 

next century, promotes interest in developing optical systems that can serve in the 

generating, repeating and receiving stages of the communication link, obviating the 

extensive photon-to-electron-to-photon conversion that is currently necessary. 
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The work presented in this dissertation addresses two of the research 

areas mentioned above. The first part of the work is oriented toward the study 

of nonlinear optical materials. Measurements were made of the nonlinear 

refraction in the semiconductor InSb at temperatures from 80 K to 182 K. The 

goal of this portion of the work was to demonstrate that InSb can be used for 

low-power nonlinear optical devices which operate substantially above liquid 

nitrogen temperature, where InSb devices are typically operated. The second 

portion of this study considers a novel concept for bistable optical devices, and 

explores three specific devices based on this concept. Two of these devices are 

demonstrated using InSb as the nonlinear optical material. 

I.A Background to the Study of Nonlinearities in Semiconductors 

Since the 1960's, nonlinear phenomena have been studied in 

semiconductors as well as in other materials. The early semiconductor studies 

were performed under non-resonant conditions, i.e. the wavelength of the laser 

used was far from the band-gap energy of the material. In the mid-1970's it 

was recognized that much larger nonlinear effects (nearly five orders of magnitude 

in the case of InSb) were present when the wavelength was very close to the 

band-gap energy. By 1978 exploitation of these nonlinearities in GaAs and InSb 

had resulted in development of nonlinear Fabry-Perot etalons showing optical 

bistable operation and optical signal amplification. Since that time a number of 

other materials have been investigated. Among the direct gap III-V compounds, 

InAs has also been studied, but the remaining two, GaSb and InP (with energy 

gaps of roughly 0.8 eV and 1.3 eV, respectively), have yet to be considered. 

The electronic and the linear optical properties of InSb have been 

extensively studied since the 1950's. Investigation of resonant nonlinearities in 
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InSb began in 1975 with the study of nonlinear absorption near the band gap [I]. 

It. was found that this absorption saturated at very low intensities. Lavallard [2] 

was able to account for this nonlinear absorption quite well using the Dynamic 

Burstein-Moss model. Miller, Smith et al. also studied the nonlinear absorption 

and began the investigation of the nonlinear refraction (at 5 K and 77 K) [3], 

using the self-defocussing effect to measure the value of the nonlinear refraction. 

Further investigation as well as extensive work on bistable optical devices has 

continued using InSb at 77 K. 

The reasons for using InSb at 77 K are, first, that this is a temperature 

routinely available in the laboratory, and second, that at this temperature the 

band-gap energy matches the strongest lines from a CO laser. For the 

development of practical devices, however, a material that operates at cryogenic 

temperatures is inconvenient. The work undertaken in the first part of this 

dissertation seeks to show, by making measurements of the nonlinear refraction at 

temperatures substantially above 77 K, that low-power InSb devices are not 

restricted to low temperature operation. The method for measuring the nonlinear 

refraction was to observe the nonlinear transmission of a CO laser beam through 

an InSb etalon, and from this to deduce the magnitude of the nonlinearity. The 

nonlinear refraction was measured at different temperatures for each of several 

long wavelength lines from a CO laser. (The band gap changes with temperature, 

so that these measurements were made at different locations in the band tail.) 

The conclusion of this portion of the study is that the band-tail nonlinear 

refraction maintains its high value and merely shifts in wavelength as the 

temperature of InSb is increased, at least as far as 182K. This implies that 

successful device operation is possible up to this temperature, and probably 
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significantly above. The 182K temperature limitation was imposed by the lines 

available from the CO laser. and not by the nature of InSb. The major 

limitation on the nonlinearity is the carrier lifetime. which is of concern above 

200K. 

I.B Background to Optical Logic Gates 

The possibility of optical logic gates was first demonstrated with the 

observation of optical bistability and signal amplification in a sodium vapor cell 

in 1975 [4]. A significant step toward making optical logic practical was the 

development of GaAs [5] and InSb [6] bistable eta Ions in 1979. Since that time. 

both analog signal processing (limiting. pulse reshaping. etc.) and digital logic 

operations have been extensively studied with semiconductor etalons. One of the 

schemes for performing all-optical processing is to use digital optical logic. to 

which bistable etalons are well suited. All of the standard two-input logic 

functions can be produced [7]. A great deal of research is being done toward 

improving the performance of individual devices [8] and toward integrating them 

into optical processors. Recently. pattern recognition was demonstrated by using 

several optical logic gates operating in parallel [9]. In either c. w. or pulsed 

operation. the typical method for operating an optical logic gate is to use a pump 

beam that is resonant with the etalon and that is nearly collinear with one or 

more signal beams. The signal beams alter the detuning of the eta Ion and control 

the state of its output (interpreted as the transmission or reflection of the pump 

beam). 

The investigation of new concepts for optical switching devices is a vital 

part of advancing the technology of optical processing. The second portion of 

this dissertation presents such an investigation. The concept developed and 
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studied here is that of a bistable etalon having a resonant pump beam, and using 

signal beams that are injected through the edges of the eta Ion. In this manner 

the signal (or 'control') beams are decoupled from the pump and output beams, 

since the control beams are confined within the etalon by total internal reflection. 

This suggests the use of guided waves to address several pixels simultaneously. 

Three specific devices are considered. A 3-port device using a single control 

beam is described and demonstrated. Both static etalon detuning with a c.w. 

control beam, and etalon switching with a pulsed control beam are shown. The 

use of two separate control beams creates a two-signal optical logic gate. Several 

different logic functions have been performed with this device; these results are 

presented here. The final section of this part of the dissertation considers how to 

construct a bistable optical clock, or a ring oscillator, by modifying the 3-port 

device. 

I.C Organization of the Dissertation 

The first part of this work--that dealing with nonlinear refraction--is 

presented in chapters 2 and 3. In chapter 2 the dynamic Burstein-Moss theory is 

outlined and discussed. This theory of nonlinear refraction and absorption has 

been successfully applied to InSb and other narrow-gap semiconductors. The 

basic physics of the model, the pertinent equations, and some limitations are 

presented. Chapter 3 describes work on the measurement of the nonlinear 

refraction at elevated temperatures. The linear absorption was first measured over 

a range of temperatures, using an infrared spectrometer. This section is followed 

by a description of the method for observing the nonlinear transmission through 

InSb etalons, from which the nonlinear refraction is deduced. The derived values 

indicate that the nonlinearity is useful for devices at temperatures at least as high 
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as 182K. with further increase in useful temperature projected. Finally. some 

observations of nonlinear transmission and hysteresis both in reflection and in 

transmission are reported. This behavior is shown to be due to increasing 

absorption in the samples. 

Chapter 4 discusses the use of a bistable etalon with edge-injected 

control beams. The operation of such a device is first described using the simple 

plane wave theory of optical bistability. The demonstration of the 3-port device 

and the 2-Signal Optical NAND (2S0N) gate. using one and two control beams, 

respectively. is presented. Several factors affecting the design and operation of an 

array of 2S0N gates for parallel processing are considered. The final part of 

chapter 4 discusses some aspects of a bistable optical clock built from the 3-port 

device. 

Chapter 5 summarizes the two portions of the work. During this study, 

several questions were raised which were left largely unanswered. Some of these 

are briefly discussed in chapter 5 and are suggested as topics for future 

consideration. Two appendices follow chapter 5. These present a detailed 

description of the sample preparation process. and present procedures that were 

used for the necessary maintenance and upgrade of the CO laser. 



CHAPTER 2 

THEORY OF BANDFILLING NONLINEAR REFRACTION 

A great deal of work has been done in modelling nonlinear optical 

processes, the study of which became practical only with the development of the 

laser. Over the past ten years attention has been drawn to such processes in 

semiconductors at photon energies near their energy gaps, because extremely high 

nonlinearities are observed (compared to non-band-gap-resonant situations). A 

number of models for these nonlinear processes have been proposed and studied. 

The model chosen for discussion here is the Dynamic Burstein-Moss Shift (DBS) 

theory. It is a simple, semi-empirical model which, though it makes some 

simplifying assumptions, gives good results under appropriate conditions. 

An alternative approach is to make a rigorous description of the 

absorption processes, beginning with a quantum mechanical model and employing 

a Green's function method for solution. The Kramers-Kronig relation is then 

applied to derive the nonlinear refraction. The advantage of this approach is that 

it can explicitly take into account band-gap renormalization, collision broadening. 

electron-hole correlation, Coulomb enhancement, excitonic screening as well as 

band filling. One can study the relative importance of each of these in doing a 

numerical solution for a specific material by including them in various 

combinations. (See, for example, the recent study of GaAs with this method by 

Koch. Lee, et a1.[ 1 0]) It is necessary in such a model, however, to include a 

phenomenological description of the state broadening in order to account for the 

band-tail absorption. Such an approach has been taken for InSb [11], but it is 

7 
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not used in this study for three reasons. First, this work is oriented toward 

experimental demonstration of the feasibility of using low-power InSb devices at 

elevated temperatures, and toward the realization of some specific devices. Thus, 

a detailed investigation of the microscopic nonlinear mechanisms along the lines of 

the plasma theory developed by Banyai and Koch using a many-body technique 

[12] was deemed to be beyond the scope of this particular project. Second, the 

application of such a theory requires detailed measurements of the material 

absorption in excited and unexcited conditions. The absorption measurement 

technique used here provided data in only a limited range compared to these 

requirements. Third, the nonlinear refraction measurements in this study were 

made in the band tail far from the nominal energy gap, so that the effect of 

Coulomb enhancement was not substantial. Further, the doping level of the InSb 

partially screened the Coulomb enhancement and completely eliminated excitonic 

effects. Thus, it was decided to apply the DBS theory, which has been 

successfully applied in several materials for conditions similiar to those used here, 

to describe the experimental measurements. 

The approach taken in the DBS model is to obtain an analytic expression 

for nonlinear absorption and relate it, via the Kramers-Kronig relation, to the 

nonlinear refraction. This theory has been developed by Miller et al. [13] and 

by Poole and Garmire [14] who both present good accounts as well as 

comparison with measurements. This discussion will therefore be brief, focussing 

first upon the underlying physics of the model. Section B will review the 

mathematics of the theory using the Ehrenberg approximation to the Fermi-Dirac 

distribution, which has not previously been applied in DBS equations. Some of 

the limitations pertinent to the experiments described in this dissertation will be 

described in Section C. 
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2.A Introduction to DBS Model 

The process considered in the DBS model is dynamic state filling: excited 

electrons populate low levels in the conduction band which block any further 

transitions to these levels. The process is called the dynamic Burstein-Moss shift 

after Burstein and Moss who independently observed that with increasing doping 

concentration in a semiconductor there is an increase in the energy gap, resulting 

from a blocking of transitions to the low states in the conduction band. The 

state blocking· occurs not only at the level corresponding to absorbed 

monochromatic photons (hole burning), but the excited electrons are scattered into 

a thermal distribution covering many states, so a range of transitions is blocked. 

Thus, absorption in the tail below the parabolic band gap may fill states within 

the conduction band. The variation in electric dipole transition probabilities so 

produced alters the dielectric tensor E. This change is observed not only as 

absorption saturation, but also as a change in refractive index. It is the change 

in refractive index which is particularly interesting for constructing devices to 

produce optical switching and differential gain. 

The two major assumptions made in the DBS theory are the parabolic 

band and the thermal distribution approximations. In order to apply a simple 

analytical model of absorption the effect of band tails below the gap are ignored-

both the linear and nonlinear absorption are assumed to be zero--and the 

behavior at photon energy tin above the band gap (AE) is taken as (tin - AE)1/2. 

The experimental observations are that the absorption extends well below the 

parabolic band edge, that this band tail absorption is easily saturated, and that the 

conduction band is parabolic only in the region near the bottom of the 

conduction band. Band tails may be understood to result from local perturbations 
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in ~E due to crystal imperfections. resulting in a broadening of states in each 

band. In this picture at each point in the crystal the parabolic band model is 

obeyed both above and below the (local) band-gap. so that the effects below gap 

may be ignored. The price paid is that the band-gap of the bulk material is 

difficult to determine because of the broadening. 

The departure from parabolic state density above the gap is ignored. 

Kane [15] has made calculations of the band structure of InSb and noted that the 

conduction band departs significantly from parabolic only at energies above 

'i:!.t::.E/2. Since only states within roughly kT of the bottom of the conduction 

band will have significant population. and since AE is much greater than kT for 

the temperature range of interest. it is reasonable to ignore the departure. (At 

17K. ~E 'i:!. 36kT. which is reduced to ~E 'i:!. 7kT at 300K.) 

The second major assumption is that the distribution of electrons is 

thermal in the conduction band. Under conditions of optical excitation the real 

and imaginary parts of E do not. in general. obey the Kramers-Kronig relations 

[16]. This failure may be overcome if the electron distribution relaxes to a 

thermal (equilibrium) distribution on a timescale short with respect to the 

nonlinear process [17]. This condition applies to JnSb where the carrier lifetime 

is 'i:!.1 0- 7 sec. and the electron-hole scattering times are calculated to be 'i:!.10- 12 

sec [2]. With this condition the Kramer-Kronig integral can be applied to relate 

nonlinear absorption to nonlinear refraction. 

In the notation used in this chapter the bottom of the conduction band 

is taken as the level of zero energy. The band gap energy is ~E. taken as 

positive. and the Fermi. EF. and quasi-Fermi levels ~e and ~h' are negative for 

nondegenerate conditions. Photon energies below and above band gap are denoted 
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by hw and hn, respectively. The subscripts 'e' and 'h' refer to electron or hole 

terms, with the further subscripts 'Ih', 'hh' fndicating light and heavy holes. 

Finally, me' mhh and mlh are effective masses of electron, light hole and heavy 

hole; mh = (mlh 3/2 + mhh 3/2)2/3 is the aggregate effective mass of the holes; #llh 

and #lhh are reduced effective masses given by (memlh)/(me + mlh) and 

The effective and reduced masses are taken to be 

dimensionless, while the free electron mass, m, has dimension of mass. 

2.B Development of DBS Equations 

In modelling resonant nonlinear refraction it is appealing to use the 

Kramers-Kronig relation to express the change in refractive index in terms of a 

variation in absorption. This requires integrating some convenient model of the 

absorption process over a semi-infinite range to derive an analytic expression for 

the nonlinear refraction. With the thermal distribution approximation the 

variation of refractive index 'n' with charge carrier density 'N' is expressed in 

terms of the variation of the absorption '0:' by 

an(hw) 
aN = ch 

'IT 

d(hn) (2.1) 

In the strict sense the integral should be taken from zero to infinity (discounting 

negative frequencies). In the parabolic band approximation there are no effects 

occuring below aE, so the integral is taken from aE to 00. By making this 

assumption the pole at n=w is avoided (since hw < aE), the parabolic band model 

for absorption above gap can be used, and the more complex expression for 
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band-tail absorption can be ignored. The process for solving equation (2.1) will 

be to express the absorption for photons above the gap in terms of the photon 

energy and Fermi distributions. The variation of 0: with N will be obtained by 

determining the variation of 0: with the Fermi distribution and of the Fermi 

distribution with N. In the latter step the Fermi distribution will be described 

using the Ehrenberg approximation. With these expressions the variation of 

refractive index is found in terms of material parameters and a resonance integral 

that can be evaluated numerically. 

Using the parabolic band model. the absorption above the band gap is 

expressed in terms of the photon energy (hn) and the Fermi-Dirac distribution 

functions fe and fh. by the equation [2. 14] 

o:(h!2) = 
1 + [Illh ]3/2 

Ilhh 

The coefficient 0:0 expresses the absorption at low intensity: 

(2.3) 

P is the Kane dipole matrix element [15]. The Fermi-Dirac distribution functions 

are 
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+ exp(p - ~e) • 
(2.4) 

1 + exp(p + ~h + AE/kTI 
(2.5) 

and. as used in equation (2.2) are fe.hh = fe(tJlLhh/me)' fe.lh = fe(tJlLlh/me)' fh.lh 

= fh (tJlLlh/mh). and fh.hh = fh (tJlLhh/mh)' The quasi-Fermi levels ~e and ~h are in 

units of kT. and tJ = (hn - AE)/kT is the photon energy scaled to the band-gap. 

The form of fh is different from that of references 2 and 14 because we take the 

zero level of energy at the bottom of the conduction band. hence ~h is 

intrinsically negative. In thermal equilibrium the quasi-Fermi levels are equal. 

having the value EF/kT. The quasi-Fermi levels express the nonequilibrium 

charge carrier densities Ne and Nh through the Fermi integrals: 

(2.6) 

(2.7) 

The method of calculating the intensity dependent absorption uses an 

approximation to the Fermi integrals. which is both simple and accurate. With 

the reasonable assumption that the semiconductor is non-degenerate. so that the 
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quasi-Fermi levels are not within the conduction (or valence) band. the function 

= J 00 pl/2 dp 
Oexp(p - n + 1 

can be approximated by the Ehrenberg expression [18. 19 p.83] 

211"1/2 exp(f) 
4 + exp(f) • 

(2.8) 

(2.9) 

which is an excellent approximation for r < 2. and is applicable for both electron 

and hole concentrations. This approximation remains valid for a limited range of 

degeneracy. i.e. when ~e and ~h are less than 2kT into their respective bands. 

Smith [19 p.84] presents a graph displaying the striking accuracy of the Ehrenberg 

approximation for r < 2. 

To obtain the nonlinear refraction. an analytic expression for the change 

in absorption is needed. which is derived by using the expansion 

(2.10) 

While the density of excess holes is equal to the excess electron density. the 

variation of Q: with Ne is much more significant than with Nh. This is because 

the conduction band states saturate much more readily than those in the valence 

band. since me « mh implies that the density of states in the conduction band is 
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much smaller than in the valence band. The first differential factor in each 

term is found by inspection of equation (2.2); the derivation of the second is as 

follows. First, define the parameters B, x and Ze by 

B = [ 
2 ;~2l [~~ r · (2.11) 

~E x = kT ' 
(2.12) 

and 

(2.13) 

Next, rewrite equations (2.6) and (2.7) as 

= 28m 3/21f1/2 [ Ze 1 
e 4 + Ze ' 

(2.14) 

and 

(2.15) 

From these equation (2.14) the variation of Ne with Ze can be derived: 



Rewriting fe in terms of Ze and differentiating 

Using the relation 

one obtains 

exp(E/kTI 

2 
[exp(E/kTI + Ze] 

16 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

The quantity 711 is a factor which must be taken into account for EF /kT > -1. 

and is given by 

711 (E/kT) (2.20) 



17 

Using equations (2.2), (2.19) and for the terms in equation (2.10), and 

inserting the result in equation (2.1) yields the value for an(hw)/aN. The result 

of the integration is 

(2.21) 

where the terms 1/2 and 1/3 are given by 

(2.22) 

(2.23) 

J i (11w) is an integral evaluating the effect of the resonance term 1/«1111)2 - (11w)2) 

of equation (2.1): 

Ji(hw) = I co X
1
/

2 
exp(-x) dx (2.24) 

0[1 + Ze exp(-x)]2 [x + ui(AE+11w)][x + ui(AE-hw)] 

where 
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= hh, Ih. (2.25) 

This set of equations represents the change in refractive index with carrier 

concentration. Equation (2.24) for Ji(hw) is valid as a general case. Two 

approximations can be used to simplify its form: When ~e is well below the 

conduction band, the first term in the denominator of equation (2.24) is essentially 

equal to one and can be dropped. For ~E » kT, the second term in the 

denominator may be approximated by 2ui~E and removed from the integral. 

In order to evaluate Ji(hw) and 112, ~e must be known. In the 

evaluation of Ji(hw), ~e may be approximated by EF since ~e E!! ~h E!! E/kT at 

low excitation levels, and since Ji(hw) is not very sensitive to the value of ~e' 

To evaluate 112 this same approximation must be made, though it begins to break 

down at high excitations. To find EF in the equilibrium approximation (working 

with Z = exp(EF/kn ), a quadratic equation for Z is established and solved. 

Using equations (2.14) and (2.15) and the relation ND = Ne - Nh for electron 

and hole concentration in the presence of doping ND, the quadratic equation 

aZ2 + bZ + C = 0 (2.26) 

describes the Fermi level where 

(2.27) 
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(2.28) 

and 

(2.29) 

After solving for Z. EF is then found by EF = kTln(Z). With this information. 

the value of an/3Ne can be evaluated numerically. 

2.C Limitations 

A prominent concern in making the above calculations is the selection of 

the band-gap energy. AE enters into the calculation through the integral Ji(l1w). 

This has a resonance at hw = AE. but for values of liw less than AE

mekT/2J.Li • which is approximately equal to AE - kT. Ji(hw) changes by less than 

a factor of two. This condition was fulfilled for most of the measurements made. 

The identification of AE is discussed in Section 3.C. 

The calculations of Section 2.B gives the variation of refractive index as 

a function of charge carrier density. It is more common to refer to nonlinear 

refraction as intensity dependent. and to make comparisons of different materials 

on that basis. The suggestion has been made that the change in refraction with 

excited carrier density is a much more useful comparative figure [13]. While I 

generally agree with this suggestion. when discussing specific nonlinear devices. 

and when comparing the performance of a specific material under various 

conditions. it is more meaningful to specify intensity dependent effects. since 

intensity is the parameter one wishes to modulate. measure. and optimize. It is 
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thus necessary to convert the values calculated from equation (2.18) into intensity 

dependent form via 

an ar = (2.30) 

In the small signal limit, using the rate of generation of electron-hole pairs 100/l1w, 

the third term is 

0:1 

hw 
(2.31 ) 

Strictly speaking this must be used in calculating n2. The problem is that real 

devices do not operate at 1 = 0, and that (2.31) is not valid for intensities 

significantly above zero. Two factors undermine equation (2.31): both 0: and 1 

may depend upon I. States in the band tail participate in the state filling process 

, and are subject to absorption saturation. More significantly, the lifetime of the 

photogenerated carriers generally depends upon their density. In InSb these are 

significant at low intensities, so that even at moderate intensities the value of 

(an/an is well below the value at I = O. This is frequently interpreted as a 

saturation of the nonlinearity, since it is often easier to account for variation in 

the single parameter n2 than to work with several, viz. n21 + n412 + n613 + 

Adopting this interpretation, several processes responsible for the 1 contribution to 

the saturation are examined. 
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Three major influences on the carrier lifetime are the density dependence 

of the· radiative lifetime, the temperature and density dependence of Auger 

recombination lifetime, and the effect of surface recombination on the mean 

carrier lifetime. These effects have all been extensively studied. Only the 

important results will be mentioned here. (See, for example, references 11 and 12 

for a detailed discussion.) For radiative recombination in the small signal limit 

the number of excess carriers will decay exponentially, characterized by a constant 

lifetime TO which depends upon equilibrium electron and hole concentrations Ne.o 

and Nh.o and upon a carrier recombination rate R: 

(2.32) 

Since electron-hole recombination is a two particle process J the decay rate 

inherently depends upon the non-equilibrium concentration. With this in mind. 

the decay rate can be written 

R (Ne Nh - Ne•o Nh.o) 
Ne•o Nh.o 

(2.33) 

With substitution from equation (2.32). and recognition of the fact that in the n-

type InSb used (for temperatures < 250K) Ne•o » Nh.o, Ne Nh » Ne•o Nh.o 

then the expression for carrier density in terms of 

intensity is 



a:I 
hw 

= 

which may be rewritten as 

= 1 1 2 Ne•o + 2 Ne•o 
_---'-'-=.:..-_]1 /2 4rIa: 

Ne•o hw 
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(2.34) 

(2.35) 

This reduces to equation (2.31) when a:Ir/hw « Ne•o• but it is not a linear 

relation. 

Auger recombination becomes significant in InSb above about 250K. is 

dominant at room temperature and above. and is very sensitive to both density 

and temperature. This is a non-radiative. three particle process in which an 

electron and hole recombine. giving up their energy to a second free electron. 

For an intrinsic material the Auger lifetime is given by [19 p.270] 

[
AE 

x exp kT (2.36) 

where A is a constant with value which Smith quotes as =4 x 10- 16 sec. In 

order to scale this equation to recent Auger measurement at 291K (r = 57 ± 3 

nsec [21]) a value A = 1. 3 x 10- 16 sec is needed for InSb. For excited n - type 
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material, where Ni is the intrinsic carrier concentration, the Auger lifetime 

becomes 

21 . N·2 a,l I 

N 2 e 

The carrier concentration becomes (using equation (2.31)) 

[ ]

1/3 
2N·2 1 . 0:1 I a,l 

hw 

(2.37) 

(2.38) 

under which conditions the description of the nonlinear refraction as n21 is 

invalid. 

A third consideration in carrier lifetimes is the significance of surface 

recombination. This is particularly important in InSb where the diffusion length 

of the carriers is L :!! 701lm. For a thin wafer an effective mean carrier lifetime 

1 eff may be defined to take into account surface recombination. In terms of a 

bulk lifetime 10 , wafer thickness 2y and surface recombination velocity s the 

effective lifetime is [19 p.287] 

(L/y) S1 sinh(y/L) ] 
S1 cosh(y /L) + L sinh(y /L) 

(2.39) 

The velocity s is given by (l-r)vt/4, where r is the probability that a hole 

drifting to a surface will be reflected back into the bulk material (Le. not 
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recombined), and Vt is the average thermal velocity. The value of s depends 

heavily upon the preparation of the surface. 

For the measurements made in this study only the radiative and surface 

recombination effects are important. In principle they can be evaluated for any 

given sample. In fact r is difficult to determine and the TO values reported are 

typically measured at finite densities. Hence for calculating n2 it is easiest to 

select a value of T that is representative of the experimental conditions being 

modelled, and use the approximation 

aN 
aT" = Q:T 

hw 
(2.40) 

This method is employed in Chapter 3, and experimental observation of the 

saturation is discussed. 



CHAPTER 3 

MEASUREMENT OF NONLINEAR REFRACTION 

The investigation of nonlinear optical materials is a research area 

important for both fundamental optical physics and for development of systems 

for all-optical information processing. For use in a practical system a material 

must exhibit good nonlinear properties at a photon energy that can be produced 

by a reliable laser, and at a convenient operating temperature. The early 

investigations of semiconductor materials were conducted at low temperatures 

(liquid He and liquid N2)' The ideal materials, however, would operate at or 

near room temperature. Work performed since 1982 has shown that GaAs and 

AIGaAs mUltiple quantum well structures can be conveniently used at room 

temperature. ZnS and ZnSe interference filters, using a thermal refractive index 

shift, perform well at 300K. The success of experiments with GaAs-AIGaAs 

devices, and investigations of InAs near room temperature motivated an interest in 

examining whether InSb could be used at temperatures substantially above 17K. 

Three aspects of prior work with InSb suggested that this was feasible: Miller et 

al. had observed large nonlinear behavior at both 5K and 17K [3]; CO laser 

lines had been identified that match the bandgap of InSb over a large temperature 

range; and optical bistability on reflection had been observed at temperatures up 

to 120K in our laboratory. 

This chapter discusses an investigation of the nonlinear refraction in InSb 

at temperatures substantially above 17K. Measurements were made with several 

long wavelength CO laser lines at temperatures up to 182K. Extrapolation for 

25 
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tabulated CO lines beyond the present performance of our laser suggests that 

temperatures up to about 240K could be reached. Use of emerging lead salt 

diode lasers may raise the usable temperature, although Auger recombination at 

higher temperatures will be a significant limitation. 

The several steps used in the process of determining the nonlinear 

refraction are described in this chapter. The preparation of etalon samples from 

bulk InSb is described briefly in the first section. (Appendix A presents a 

detailed account of the procedures for sample preparation.) Measurements of the 

linear absorption in the band tail are discussed, followed by description of the 

experimental apparatus and method used to make nonlinear transmission 

measurements. The nonlinear measurements are analyzed with the theory detailed 

in section 3.0. Results of the analysis are presented and discussed in the next 

section. The chapter concludes with the description of nonlinear effects that are 

due to increasing absorption in the samples. This increasing absorption is due in 

part to a thermal shift of the absorption edge, though such thermal effect does 

not completely account for the observations made. 

3.A Sample Preparation 

The InSb used in the work described in this chapter was purchased in 

wafers from Sumitomo Electric Industries, Ltd. The material was tellurium 

doped n-type, with carrier concentration of 1.8 to 2.5 x 1014 cm- 3, prepared by 

the CZ growth method. Carrier mobility was measured at 3.3 to 4.1 x 105 

cm2/Volt-sec., and resistivity measured at 0.07 to 0.09 ohm-cm. The etch pit 

density was less than I x 10-3 cm-2 . Samples prepared from this material had 

crystal orientation {III} ± 1 degree. The carrier concentration and mobility 
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measurements were made at 17K, and the resistivity measurement made at room 

temperature. This material analysis was provided by Sumitomo. 

Samples were prepared by first cutting a wafer into standard 8mm 

squares using a low-speed diamond wafering saw (Buehler 11-1180). Squares 

were mounted on aluminum polishing blocks with a low melting temperature 

mounting wax (Crystal bond from Aremco Products Inc.). Three or four pieces of 

microscope slide or cover slip were mounted along with the sample as spacers to 

provide uniform grinding and to serve as references for monitoring sample 

thickness. In preparing the second face of each etalon, the sample and glass 

spacers were mounted on a glass cover slip, which was itself mounted on the 

polishing block. The cover slip provided a much smoother surface than the 

aluminum, reducing the risk of scratching the polished face. 

The samples were ground with emory paper to within roughly three 

microns of desired thickness. They were then polished with alumina grit in five 

stages (12, 3, 1.0, 0.3, and 0.05 Ilm grits) on cloth polishing pads. Polishing was 

initially done using a Buehler Ecomet III polisher/grinder; however, the surface 

quality that could be obtained was severely limited by the effect called "orange 

peeling". (Due to overpolishing with the soft cloth pads, the surface develops 

dimples akin to the surface of an orange. Those arising in this case were several 

tens of microns across, and approximately two microns deep.) Superior results 

were obtained, however, when all polishing stages were performed by hand. 

Orange peeling was clearly avoided. The major difference in the two methods, 

which may account for the success of the latter, is the close observation of the 

polishing inherent in the manual process. This allowed continual monitoring of 

the progressing surface quality (to avoid over polishing), the pressure applied to 



28 

the samples. the richness of the polishing slurry. and the replenishment of the 

slurry as it became contaminated with ground particles. 

After polishing. the etalons were mounted on copper cold pads with 

Dow Corning 340 silicone heat sink compound. Typically. an etalon was 

mounted over a hole. so that transmission could be observed. The sample pad 

was in turn attached to a micro-miniature refrigerator (MMR model K-77) using 

Dow Corning 340 for good thermal bond. (The refrigerator operated by Joule

Thompson expansion of 2000 psi high purity N2 through capillary tubes etched 

in the glass body of the refrigerator. The temperature could be set to any point 

within the range 79K to 325K. and maintained with an accuracy of ± 0.1 K.) 

The sample and assembly were inserted in a miniature dewar with CaF2 

windows. evacuated and cooled. Superior performance of the refrigerator was 

obtained by wrapping it with one layer of aluminized mylar to reduce radiative 

heating. 

3.B Measurement of the Linear Absorption in the Band Tail 

To make measurements of the linear absorption of InSb. a 725 /lm thick 

eta Ion mounted over a 3.9 mm aperture was used. Transmission spectra were 

taken with a Nicolet 5DXD FTIR spectrometer at various sample temperatures 

ranging from 80K to 295K. Using the value 4.0 for the index of refraction of 

InSb. the spectra were calibrated by assigning the transmission value 0.471 

(corresponding to a: = 0) to the region of the spectrum with energy below the 

band tail absorption. The value for the absorption was then extracted from the 

transmission spectra by using the expression for incoherent intensity transmission 
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(3.1) 

where a: is the absorption coefficient, D the sample thickness, and R the intensity 

reflectance on normal incidence. No interference effects were observed in the 

transmission spectra, due to the optical thicknes~ of the sample. The value of the 

refractive index is not constant across the region studied, varying from 4.03 well 

above the band edge to 3.97 somewhat below [22]. The error resulting from 

approximating the index as 4.0 is less than I % across the studied spectra. 

Typical absorption spectra are shown in Figure 3.1, where the effect of 

the thermal shift of the band edge is clearly observed. Also evident is a shift in 

the shape of the band tail. The absorption seen is not that of the simple parabolic 

band model 

a:(hw) = 
{ A(hOl 

o 
- E )1/2 g 

for fiw < Eg 

for fiw > Eg 
(3.2) 

but is exponential for hw < Eg, The exponential absorption tail is observed in a 

number of materials, with the behavior described by Urbach: 

[
a:U(hW - Eu) 1 

a: = Au exp kT (3.3) 

where Au, au and Eu are constants [19, 23], This Urbach tail can be 

understood in terms of a broadening of the states in the conduction and valence 
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Figure 3.1. Absorption vs. photon energy for InSb at several fixed 
temperatures. 
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bands due to local fields that arise from randomly distributed impurities. An 

ionized impurity atom in the crystal lattice creates a strong electric field in its 

immediate neighborhood which locally perturbs the band structure. (This 

perturbation of energy levels by an electric field is often classified as the Stark 

shift or the Franz-Keldysh effect.) Since the impurity atoms are located randomly 

in the crystal. the disturbance of the bands is non-uniform. so that each perfect-

crystal electron state varies in energy level throughout the crystal. This 

distribution of state energies can be viewed on a macroscopic scale as a 

broadening of the energy bands. The perturbation varies throughout the crystal 

since the local field is extremely non-uniform. resulting in a broadening of the 

bands. Broadened states near the edge of the conduction and valence bands 

permit absorption at photon energies below the nominal gap energy. Redfield [24] 

has calculated such band edge absorption with a simple model of local field 

perturbations and found absorption that is exponential over more than four orders 

of magnitude. 

The variation with temperature of the slope of the exponential tail can 

be understood in terms of the change in the number of ionized impurity atoms 

with temperature. The total band perturbation in a crystal increases with the 

density of ionized impurities. For donor impurities with density Nd and energy 

level Ed. the number of ionized impurity atoms is [25] 

= 

lexp [ Ed - Eg 1 + 1 
2 kT 

(3.4) 
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which increases strongly with temperature. (The same applies for acceptor 

impurities.) Thus the band edge broadening will increase with temperature, 

extending the absorption edge further into the 'forbidden' gap. (See reference 26, 

section 3-A for a detailed discussion of band broadening and tail absorption.) 

Figure 3.2 shows some of the absorption spectra replotted as a function of 

temperature for specific wavelengths. 

The decrease of the band gap with temperature has been characterized 

by Roberts and Quarrington [27] as roughly quadratic below lOOK and linear 

above lOOK. A graph of their data illustrating this shift is reproduced in Figure 

3.3. These Eg" data are the photon energies at which 0: = 100 cm -I, which is 

clearly not the value of the energy gap for the parabolic band model. The 

exponential absorption tail is present in pure samples at values of 0: between 

1000 cm- I and 2000 cm- I , depending upon temperature, and persists even 

further for heavily doped samples (2000 cm- I to 5000 cm- I at doping levels 

around 1017 cm- 3) [28]. Values of hw at which 0: = 1000 cm- I are about 10 

meV greater than the Eg" plotted [27, 28]. The parabolic band edge lies still 10 

to 20 meV above these levels. The Eg" data are nonetheless useful, for it was 

observed in this study that 100 cm- 1 is a rough upper limit on the useful range 

of 0:. Figure 3.4 repeats the plot of Eg" vs. T, and includes the CO laser lines 

available in this study. Also shown are a number of longer lines that have been 

characterized by other investigators [29]. In calculating values of n2 using 

equation (2.21) the value used for the energy gap was Eg = Eg" + 20 meV. 
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Data from Roberts and Quarrington [8]. 
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Measurements were made on the nonlinear refraction by observing 

nonlinear transmission through an etalon, digitizing the transmission curves, and 

performing a curve fit to these using a modified plane wave theory with n2 and 

o as free parameters. This section describes the equipment and procedures used 

to obtain the transmission curves. The method of data analysis and the measured 

nonlinear refraction are discussed in the following sections. 

Samples with thicknesses 725, 300, 110, 40 and 15 Ilm were prepared 

and mounted for transmission. Nonlinear refraction measurements were made 

with the 725 Ilm and 110 Ilm samples. The 300 Ilm sample had poorer finesse 

than the 725 Ilm and 110 Ilm samples, so efforts were concentrated on these. 

The nonlinear effect observed in the 40 Ilm and 15 Ilm samples was a hysteresis 

due to an apparent thermally induced increase in absorption. This effect is 

discussed in the final section of the chapter. 

Nonlinear etalon transmission curves were obtained by digitizing the 

transmission of a CO laser beam through a sample. The laser was operated with 

a grating to give single wavelength output in TEMOO mode. Its power supply 

was electrically modulated to produce laser pulses having FWHM of 0.7 to 1.1 

msec at a rate of 200 Hz. The beam was spatially filtered to eliminate any shot-

to-shot mode variance. Figure 3.5 details the optical equipment used. Part of 

the spatially filtered incident beam was split for detection (1 degree wedge on 

beamsplitter), and the rest of the beam focussed onto the eta Ion to a spot size 2w 

:!! 140 - 160 Ilm (diameter to l/e2 in intensity). The Rayleigh length (rrw2 IX) 

was 2800 - 3300 Ilm. The variation of spot size and Rayleigh length is a result 
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of using lenses with different focal lengths as well as the dependence of dispersion 

and diffraction on ~. Some of the measurements (~ = 5.751 Ilm and 5.631 Ilm) 

were made using anti-reflection coated lenses. The coating had poor transmission 

beyond 5.8 Ilm. Measurements made beyond 5.8 Ilm. and those made 

subsequently at shorter wavelengths. used uncoated lenses. All of the optics used 

were CaF2. for which the refractive index decreases from 1.390 at 5.6 Ilm to 

1.384 at 6.1 Ilm [30]. increasing the focal length of the lenses. 

The rear face of the eta Ion was imaged with a magnification of -1 onto 

a 19 Ilm pinhole on the transmitted detector. The beam to the incident detector 

was focussed to a spot size of 150 - 200 Ilm. depending upon the wavelength 

used. A pinhole of 23 Ilm or 50 Ilm diameter (the latter for low power. long 

wavelength lines) masked the detector. Positioning of the sample was 

accomplished by micrometer translation of the dewar in the axial and horizontal 

transverse directions. Adjustment of the angular orientation of the sample was 

possible about both the horizontal and vertical axes transverse to the optical axis. 

These controls permitted the eta Ion to be oriented normal to the laser beam. The 

nonuniformity of the sample thickness allowed spots with different detunings to be 

probed by translating the sample normal to the optical axis. Lenses L 1. L2. L3 

and the transmitted detector had X-Y -Z micrometer position control for fine 

adjustment of the laser beam. 

The detectors used employed pyroelectric detector head (Molectron model 

PI-33. now manufactured by Molectron Detector. Inc.) with a 3mm diameter 

LiTa03 element and a preamplifier. Detector electronics. based on a 355 Op 

Amp were assembled in our laboratory and tested to assure uniformity. The 

P 1-33 detector heads have a typical responsivity of 50 Volts/Watt at a frequency 
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of 1 KHz, which is constant over the range ~ = 0.3 to 6.5 p.m. Typical NEP is 

4 x 10-7 W /HZ1
/

1 at 1 KHz with 1 Hz bandwidth. A pyroelectric is intrinsically 

a differential detector, responding to variations in absorbed energy. With 

appropriate feedback resistors the frequency response may be extended over a 

wide range, at the cost of responsivity. The detectors used had 3dB bandwidth 

of 50 KHz, which was found to perform well with the laser pulses available. 

The detector responsivities were measured at 86.4 V /W (measured up to 11.6 

mW) and 462 V/W (measured up to 2.7 mW). (Different gains were intended 

since the signals to incident and transmitted detector were substantially different.) 

The detectors were calibrated using the CO laser in c.w. operation with the 

arrangement shown in Figure 3.6. A small portion of the c.w. laser beam was 

split with a CaF2 beamsplitter (1 degree wedge), chopped (FWHM 1.1 msec), and 

focussed onto the detector element. The majority of the beam was measured 

with a laser power meter (Scientech 362) with a thermopile detector head 

(Scientech 360000, which had been electrically calibrated. The detector output 

was digitized and recorded for a variety of laser power levels covering the 

intended range of the detector. Comparison of the detector voltage outputs with 

the calculated applied power levels provided the calibration needed. Both 

detectors were observed to be linear over their range of use. 

Figure 3.7 illustrates the electronics used in measuring the nonlinear 

refraction. Signals from the two detectors were displayed on the oscilloscope in 

X -Y fashion to monitor visually the nonlinear transmission of the etalon. The 

signal from the transmitted detector was measured using a lock-in 

amplifier/detector with an integration time constant of 300 msec., resulting in the 

mean transmitted power averaged over many pulses, thus removing the effect of 
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Pulses of known intensity are focussed onto the detector that is being 
calibrated. The electrical response is digitized and stored by the IBM PC-XT. 
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Figure 3.7. Block diagram of electronics used in nonlinear transmission 
measurements. 
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variation in pulse heights. Use of the lock-in allowed the detector to be precisely 

positioned for maximum signal. The pulses from both detectors were digitized 

with an analog to digital data acquisition board (MetraByte DASH -16) controlled 

by an IBM PC-XT. The laser power supply provided trigger signals synchronous 

with t.he laser pulses to the lock-in and the PC. Since no switching effects were 

present and the pulses were smoothly varying, the 3 to 5 Ilsec integration time of 

the analog-to-digital conversion circuit was sufficiently short to digitize the pulses 

accurately. The data rate for the DASH-16 was 50 KHz, which had to be 

shared between the two detector inputs. The digitizing alternated between the 

signals from the two detectors, so that interleaved data, rather than simultaneous 

incident/transmitted data pairs, were acquired. Data were acquired from two sets 

of 170 successive pulses and stored in real time via DMA (Direct Memory 

Access) transfer to PC memory, from which they were subsequently moved to 

binary data files on hard disk. After the experimental run was finished the data 

were processed from binary to ASCII form and analyzed to determine n2. The 

number of pulses digitized was a compromise between the restrictions on data file 

space and desire for increased signal-to-noise ratio. 

It is well known that the observed transmission depends strongly on 

both the axial and transverse location of the observation pinhole [3, 31]. To 

make quantitative measurements it is necessary to establish the location of the 

observation point. This was accomplished by the following steps: A 25 Ilm 

alignment pinhole was mounted adjacent to the sample, coplanar with the rear 

face of the etalon. The sample was retracted to permit unimpeded passage of the 

laser beam. The detector head was removed from the transmitted detector and 

replaced by one with a 3mm aperture, and the detector was aligned on axis. 
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Next the alignment pinhole was translated back into the beam and the incident 

lens (L2) was adjusted to place the focussed· beam waist on the pinhole by 

maximizing the power passing through the pinhole. After noting the position of 

the alignment pinhole, it was retracted from the beam path, the detector element 

with the 25 /lm aperture was returned to the transmitted detector, and aligned 

roughly on axis. When the alignment pinhole was returned to its position at the 

focussed beam, lens L3 relayed its image (slightly defocussed and displaced) onto 

the pinhole of the transmitted detector. By adjusting the position of the 

transmitted detector so as to maximize the transmitted signal, the alignment pinhole 

could be imaged sharply onto the transmitted detector. This ensured that the 

detector aperture lay in a plane conjugate to the rear face of the etalon. This 

focal plane could be located with an accuracy of ± 60 /lm. (This is an error of 

only 10 to 11 X.) 

When the appropriate detector plane had been determined, the sample 

was replaced in the beam, and lens L2 was retracted slightly, placing the focussed 

beam waist at the center of the etalon to provide best mode matching between 

the beam and the cavity. The transverse position of the detector was fine tuned 

by tweaking its micrometers and maximizing the mean signal level. The strong 

central peak of the beam waist was clearly seen when scanning the pinhole. The 

pinhole could be positioned on axis with an accuracy of ± 5 /lm. 

Following the detector alignment the etalon was scanned through the 

beam to observe its nonlinear transmission at several different detunings. It was 

often necessary to tweak the detector position slightly when moving to a new 

etalon spot. For each of the etalon spots examined a set of 340 successive pulses 

was digitized for later analysis. 
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The purpose of masking the detectors with pinholes was to allow the 

detectors to sample only a small central portion of the laser beam. With the 

1911m pinhole on the transmitted detector, the intensity at the edge of the sampled 

spot was > 0.98 of the axial intensity, and the density of charge carriers was > 

0.99 of the axial density (due to carrier diffusion, which is discussed is below). 

Before applying the plane wave approximation to this case, two other effects-

beam defocussing and transverse beam structure--must be considered. The far 

field defocussing produced by the sample [3] is avoided by focussing the etalon 

face onto the detector. Numerical simulations for a ring cavity indicate that 

complex transverse structure may arise under certain conditions [32]. For a high 

finesse cavity with a self-focussing nonlinearity, solitary waves in a ring structure 

appear, but no such structure results in the self-defocussing case. Thus, these 

two effects are not of concern in analyzing the transmission in this experiment. 

Furthermore, no transverse structure was seen in the transmitted beam, apart from 

the Gaussian beam profile. The plane wave approximation can therefore be 

applied in analyzing these measurements. 

3.0 Method of Data Analysis 

Analysis of the digitized pulses consisted of two separate steps. In the 

first part of the analysis the digitized points from 340 pulses were added together 

to create a single set of data points relating transmitted to incident intensity. The 

data-taking procedure produced each digitized pulse as a set of interleaved 

incident and transmitted signal levels, stored as two byte binary numbers. 

Digitization was to 12 bits, with the remaining four bits indicating the channel 

number used on the DASH-16 board. To reduce the storage requirement from 

120 KBytes per set of 340 pulses to 12 KBytes, and to ease plotting and curve 
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fitting, the binary data were combined and an ASCII data file produced. Tests of 

the DASH -16 board with the detectors used indicated that the two least 

significant bits digitized represented random noise. These were discarded during 

the first step of the data analysis. Since simultaneous incident and transmitted 

data were not available, the value of incident signal corresponding to each 

transmitted datum was obtained by taking the average of the previous and 

following incident values. The incident pulses used had smooth temporal profiles, 

with rise and fall times much longer that the 20 p.sec interval between digitized 

points, so that this provided good results. 

During data accumulation the laser pulse heights were not uniform, so 

that the zero level between pulses varied (the DC signal from a pyroelectric 

detector being zero). There was a delay of 400 to 800 p.sec between the start of 

data digitization and the start of the laser pulse. (This depended upon the gain of 

the laser, which was determined by the electrical excitation and wavelength 

selected.) During this time the 'zero signal' levels were recorded. They were 

subsequently subtracted from each data point during data analysis to determine 

the intensity of both incident and transmitted signals. 

Data were analyzed by indexing a data array with the discrete values of 

the digitized incident pulse. As each transmitted datum was read from the binary 

file, it was added to the location in the data array appropriate to its incident 

value. The corresponding location in a similar array was incremented to record 

the appearance of a datum at that incident intensity. Separate arrays for rising 

and falling incident values were used. When all data had been accumulated, the 

summed value was divided by the number of entries. and written to an ASCII 

data file. 
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Variations in the laser gain produced pulses that had consistent length 

within an experimental run, but which were different for operating condition of 

the laser. It was necessary to characterize the pulse length for each set of 

digitized data by examining the binary data files. This information was used to 

determine which portions of the data file were analyzed as baseline and as signal. 

Inclusion of either one within the other produced spurious curvatures on the 

analyzed data at low intensities. Once. the pulse length was known, however, this 

spurious effect was avoided. 

The second step in the analysis was to perform a least squares fit to the 

transmission curve using a modification of the plane wave theory. The simple 

plane wave theory assumes an infinite plane wave incident upon a perfect plane 

parallel etalon. This provides for perfect mode matching of the beam to the 

etalon, no spreading of the beam due to diffraction, and no walkoff, scattering nor 

lensing effect from imperfections in the mirrors. The provisions are not, in 

general, realized. To extract quantitative information from transmission curves, 

one must take into account the departure from the ideal condition. A full model 

would require detailed characterization of the eta lon, which was not practical in 

this study. To allow a quantitative analysis of etalon transmission, the 

'coherent/incoherent model' was developed. 

Under ideal conditions with coherent illumination the etalon contrast is 

given by (T max - T min)/(T max + T min)' A beam that is not mode matched to 

the etalon has lower transmission contrast because in the transmitted beam the 

component wavefronts that have made different numbers of reflections within the 

etalon have different shapes, and hence cannot interfere completely. The same 

wavefront mismatch results from mirrors that are not parallel, or that have 
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irregularities, or from diffraction of the beam within the etalon. Scattering 

disrupts the intensity distribution of the wavefront, reducing the interference 

between successive wavefronts. (Scattering also reduces the absolute transmission 

level, but this can largely be controlled by using well polished surfaces, especially 

in the mid infrared.) The two effects observed from each of these imperfections 

are a reduction in transmission contrast and a disturbance of the beam shape in 

the far field. By imaging the emerging beam onto a detector the far field 

reshaping can be avoided; only the loss in contrast need be modelled. 

In the case of a perfect plane etalon with a 'plane wave' having 

temporally coherent and incoherent portions, a similar loss in contrast is observed: 

contrast = T Coh.max - T Coh.min (3.5) 
TCoh,max + TCoh,min + Tlncoh 

By observing only the intensity of a transmitted beam it is not possible to 

determine whether a reduction in contrast is due to partial coherence or eta Ion 

imperfections. The coherent/incoherent model exploits this ambiguity by treating 

the transmission of an imperfect etalon as though it had perfect mirrors but only 

partially coherent illumination. The motivation for doing so is the simplicity of 

the descriptive equations. Using the expression for transmission of a coherent 

plane wave [33], 

Tcoherent = 
e-o:D( I - R)2 
(1 - Re-etD)2 

(3.6) 
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and equation (3.1) for an incoherent wave, the tot.al transmission becomes 

Ttotal (3.7) 

In these expressions Ra: is the effective reflectivity, taking into account absorption, 

F is the coefficient of finesse of the etalon, Pc and Pi are the coherent and 

incoherent portions of the incident beam. These quantities are given by the 

expressions Ra: = R exp(-a:D), F = lI'Ra:/O-Ra:)2 , 

Pc 
Icoherent = 

Itotal 
(3.8a) 

and 

Pi 
Iincoherent = 

Itotal 
(3.8b) 

The values of Pc and Pi may be derived from an etalon transmission curve by 

measuring the ratio of the maximum to minimum transmission, 

f = Tmax 
Tmin ' 

(3.9a) 

and using the values of Rand a:D, regrouped for convenience as three cavity 
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parameters: 

a = ( I - Rn)( I + F) • (3.9b) 

b = ( I + Rn)( 1 + F) • (3.9c) 

d = ( I + Rn) . (3.9d) 

Manipulation of equation (3.7) provides expressions for Pc and Pi: 

Pc = b - fd (3. lOa) f(a - d) + (b - a) 

Pi = a(f - 1) (3. lOb) f(a - d) + (b - a) 

To extract the values of n2 it was necessary first to know the 

maximum and minimum transmission levels for each curve. Each was plotted 

and these slopes identified. This information was supplied. along with the etalon 

parameters, to a curve-fitting program run on the IBM PC-XT. The program 

used equation (3.7) with q, = 271'n2DIeff/h + 00 to calculate expected transmission 

levels for each incident intensity. These calculated values were subtracted from 

measured levels to generate an error value equal to the sum of the squared 

differences. which gave an indication of the departure of the calculated from the 

ideal curve. n2 and 00 were fitting parameters which were varied using the 

Simplex algorithm [34] to minimize the error. Some examples of such curves 
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fitted to observed transmission are presented in Figure 3.8. The value of Jeff is 

given in terms of the etalon parameters and the transmitted intensity IT: 

(3.10 

Consideration of the principle of conservation of energy indicates that this 

expression is valid for both the coherent and incoherent cases. (Algebraic 

manipulation provides the same result.) 

3.E Discussion of Measured Nonlinear Refraction 

The measured values of nonlinear refraction are presented in Figure 3.9. 

These data were taken using several wavelengths from 5.75 11m to 6.10 11m at 

temperatures from 80K to 182K with the 110 11m and 725 11m samples. The 

values were measured with incident intensities of 300 - 600 W /cm2 . Drawn 

for comparison are curves calculated from equation (2.18) and (2.37), using 

material parameters listed in Table I and measured absorption values. Two 

scaling factors are needed to correct for the difference in the nature of the 

quantities that were measured and calculated. The calculated n2 is the first 

coefficient in the series expansion for a power dependent refractive index 

(3.12) 

From this expansion it follows that 
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Figure 3.8. Curves fitted to experimental transmission data. 
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Figure 3.9. Plot of measured values of nonlinear refraction. 

The measured values are the ratio of the change in refractive index 
sufficient to produce a ft/2 single pass phase shift in an uncoated InSb etalon, 
divided by the intensity required to produce the change. Measurements were 

made at the indicated wavelengths for incident intensities of 300 - 600 W /cm2 

with spot radius equal to. carrier diffusion length (~75 p.m). The experiment 
error is ± 20%. A calculated diffusion factor of 2.9 can be used to scale the 
values (upward) to a diffusion-free condition. Scaling to other intensities must 
take account of saturation. The measured values of absorption are plotted to 
show the exponential increase with temperature, which is responsible for the rise 
in the nonlinear refraction. 
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Table I: Material Parameters for Calculating n2 [13] 

effective mass of electron me 0.014 

effective mass of light hole mlh 0.021 

effective mass of heavy hole mhh 0.40 

linear refractive index no 4.0 

carrier lifetime T 230 nsec 

Kane dipole matrix element 
mp2 

II eV h2 
Diffusion correction 2.9 

Saturation correction 5.9 
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(3.13) 

The measurements of I::.n/I::.I were made for 1::.1 1= 0 using a focussed Gaussian 

beam which had a distinct radial intensity profile, unlike the uniform profile of a 

plane wave. This results in two effects which distinguish the measured from the 

calculated values: carrier diffusion and saturation of n2. (Strictly speaking, the 

measurements made should be referred to not as n2 but as I::.n/I::.I. To preserve 

continuity with the rest of the chapter the term 'n2' will continue to be used in 

reference to the measured values, and explicit reference will make clear whether 

calculated or measured values are meant.) 

In calculating n2 with the dynamic Burstein-Moss shift (DBS) model an 

implicit assumption is that carrier diffusion can be neglected, so that the nonlinear 

refraction is dependent only on the local optical intensity. The focussed laser 

beam size used in the measurements made here had a radius of roughly 75 J.Lm, 

which is comparable with the carrier diffusion length [35, 36]. The Gaussian 

beam profile creates a strong gradient in carrier concentration, promoting diffusion 

to reduce the concentration on axis. Under the experimental conditions, with the 

diffusion length equal to the beam radius of 75 J.Lm, numerical solution of the 

partial differential equation that describes the carrier diffusion indicates that the 

concentration in the central area of the beam (19 J.Lm diameter) is reduced by a 

factor of about 2.9. This correction is applied in the calculation of n2 to 

account for the reduction of the measured values. 

The second effect contributing to a reduction in the observed values is 

the saturation of n2. The technique used to measure the nonlinear refraction 
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required substantial 10 values (typically 300 to 600 W/cm2) so that the condition 

10 E!!! 0 does not hold. The fact that the measured quantity departs from n2 can 

be viewed as the contribution from other terms in the series expansion of n, or 

as a saturation of n2 with increasing intensity. The latter approach is taken in 

this discussion. Saturation can be readily observed by examining the spacing of 

successive orders in a nonlinear etalon transmission. Such an effect is shown in 

Figure 3.10: the value measured for An/AI will depend heavily on the intensity at 

which it is measured. Miller et al. have made measurements of n2 in InSb at 

5K and at 17K by observing the far field defocussing of a CO laser beam due to 

a nonlinear phase shift acquired as the beam travelled through antireflection 

coated InSb wafers [13, 37]. The necessary phase shifts were generated with 

intensities of roughly 10 W /cm2, which approximated the condition 10 = 0, and 

good agreement was seen with the values calculated from the DBS theory. Values 

of An/AI measured by observing successive nonlinear interference orders in an 

uncoated InSb etalon at 5K indicate a factor of about five reduction between low 

intensity and 200 W/cm2 and a further factor of three reduction between 200 

and 600 W/cm2 [37]. For the measurements made in the present study, a 

saturation correction factor of roughly 5.9 is needed to bring the calculated n2 

values into agreement with the measured values. 

The dependence of T upon temperature and carrier density significantly 

influences the measured n2 value. AI-Attar et al. measured the medium response 

and deduced the carrier lifetime of InSb at 17K by modulating the reflection of 

an optical transphasor [38]. They determined a lifetime T = 230 nsec ± 10%. 

Nasledov and Smetannikova measured the temperature dependence of carrier 
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Figure 3.10. Plot of nonlinear transmission showing saturation of n2. 
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lifetimes in InSb and found for n-type samples doped at 1 to 2 x 1014 cm- 3 

over the range 90K to 190K that T = 400 nsec :!: 25%, but that this fell by 

roughly one order of magnitude between 190K and 250K [39]. Based on their 

measurements, the lifetime has been assumed here to be constant over the 

temperature range used. There is, however, significant variation depending on 

carrier density and sample preparation. The value 230 nsec has been assumed as 

it corresponds to the value determined by AI-Attar et aI., since their method was 

similar to the method used in this work. If, for a moment, we assume that the 

saturation of n2 is due solely to the density dependence of the carrier lifetime. 

the required saturation correction factor of 5.9 implies a carrier lifetime :!! 40 

nsec for the laser intensities used in making these measurements. 

The behavior of the measured values is essentially exponential in 

temperature for each photon energy. This exponential rise is due almost 

exclusively to the thermal shift of the bandedge. The absorption in the band tail 

is observed to increase exponentially with temperature for a given photon energy. 

Since n2 depends directly upon Ck, it should exhibit a similar exponential rise. 

The other variation with temperature (equations (2.21) to (2.24» is a resonance of 

Ji(hw) as ~E moves toward Iiw. The measurements were made well below ~E. 

so that this effect is weak, and is only noticable at the point that is deepest into 

the band tail (T = 152K, X = 5.85Ilm). The presence of the term (1 /kn2 in 

equation (2.21) is almost entirely offset by the term O'i in equation (2.24). 

The method of observing nonlinear phase shift is useful for making low 

intensity measurements for precise quantitative comparison with detailed theory. 

The technique used in this study, however, represents conditions under which 

bistable optical elements are employed for actual devices, and therefore provides 
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measurements that are somewhat more useful from the standpoint of device 

engineering. 

The persistence of the large nonlinear refraction of InSb up to 

temperatures of 180K is evident from the data presented. The only significant 

effect of increased temperature is a thermal shift in the band edge which increases 

the wavelength at which nonlinear effects are observed. Operation at still higher 

wavelengths is possible with longer wavelength lines. For example. the longest 

wavelength CO lines (around 6.6 ILm) match the absorption tail at about 240K 

and wavelengths around 7.3 ILm match at room temperature. (Such wavelengths 

can be obtained from lead salt diode lasers--available in the range 3 ILm to 30 

ILm. These operate only near liquid helium temperatures. though. which is not 

within the spirit of room temperature operation.) The nonlinearity is expected to 

be substantially reduced at higher temperatures. however. due to two effects. As 

previously noted. the carrier lifetime (at low density) falls rapidly above 200K to 

approximately 60 nsec at room temperature [40]. As room temperature is 

approached. Auger recombination becomes a significant limitation and the carrier 

density becomes proportional to 11/ 3 so that n2 is no longer a useful description 

of the nonlinearity. Ji et al. have observed quasi-c.w. bistability in InSb at room 

temperature with 10.6 ILm lines from a pulsed C02 laser by exploiting two-

photon absorption. but required 600-700 KW /cm2 intensities [40]. 

The method of measurement used here can only determine the magnitude 

of n2. not whether it is positive or negative. The sign of cP (equation 3.7) is 

masked since it is not sin(cp) but rather sin2 (cp) that appears in the transmission 

equation. so that this technique requires a priori knowledge of 0 to extract the 



59 

sign of n2' The sign has previously been established. however. by observing that 

the nonlinear refraction led to self defocussing. indicative of a negative n2 [41]. 

The saturation of n2 was of major concern in selecting the portion of 

the transmission used for curve fitting. Two other requirements contributed to 

the selection. In order to perform a curve fit accurately the data must extend 

over a large enough range to show some significant features. such as the shift 

from high to low transmission; further. the number of points used must be large 

enough to give good signal to noise ratio. As an adequate compromise between 

these requirements. the curves were fit up to the point at which the transmission 

first shifted through the value (T max + T min)/2. but in cases where this criterion 

was ambiguous (situations of low contrast or particular initial detunings) the level 

at which transmission had made a clear transition to an extremum was chosen. 

Comparable intensity levels were selected for each curve at a given wavelength 

and temperature. 

Saturation is a major effect to consider in designing nonlinear eta Ion 

devices. Calculations of performance do not depend directly upon n2 or 0:. but 

rather upon the products n2D and 0:0. Since n2/0: is roughly constant for a 

material (over a limited range of operation). and since this ratio is the material 

parameter used for optimizing the required intensity [33]. this intensity cannot be 

significantly reduced by using small 0 values and high n2 and 0: values. Yet it 

is tempting to argue that there are substantial advantages available for devices 

with small 0 (greater tolerance on mirror quality. better heat sinking. faster 

switching. denser device packing. etc.) which can be attained while preserving the 

optimized intensity that is calculated using n2 and 0: as parameters. Such an 

argument hinges upon the fact that an eta Ion requires a particular induced phase 
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shift 6 = 211'n2DIeff/~ which can be obtained for a constant level of leff regardless 

of how the n2D product is achieved. The fallacy lies in assuming that n2 is 

constant. In the moderate density approximation (N = leffnT/hw) with a constant 

leff value, the density rises with n: for a fixed value of nD the carrier density 

increases as D is reduced. Since n2 saturates as N is increased, for a fixed nD 

(n2D) value, n2 becomes a function of liD. This may also be understood by 

noting that, with these equations for Nand 6 the etalon phase shift depends upon 

the total number of charge carriers: ND*(spot area). Reduction of D implies a 

greater density of carriers, leading to a saturation of n2 . Thus, while there are 

advantages that can be gained by using thin etalons, the cost is a reduction of n2 

and an increase in the required operating intensity. 

3.F Nonlinear Transmission and Hysteresis 
Due to Increasing Absorption 

The DBS model postulates a saturation of absorption as levels low in the 

conduction band are filled, blocking transitions to these levels. This saturation 

has been observed directly in InSb [3] as well as InAs [42]. The opposite effect-

-absorption increasing with intensity--has also been reported [3, 42]. During this 

study several observations were made in which the absorption increased with 

excitation, reducing the transmission level so that the transmitted intensity 

remained roughly constant--a 'saturation' of transmission. Hysteresis due to this 

increasing absorption was seen in transmission with 15 and 40 /lm samples, and 

was observed in reflection with a 30 /lm sample. A thermal shift of the 

absorption edge as the sample is locally heated is considered to be the major 

contributing mechanism. Another contribution arises from free-carrier absorption 

of the photogenerated electron-hole pairs, but this is much smaller than the 
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thermal shift. Analysis using these two contributions does not adequately account 

for the size of the effect observed. 

The method of taking transmission data in this study was to make sets 

of measurements at increasing temperatures, rising in about 10K steps. The 

etalon transmission was initially linear at low temperatures where n2 was small. 

Nonlinear transmission increased as the temperature was raised, with the contrast 

falling as the finesse declined due to greater linear absorption. (This was 

accompanied by a reduction in total transmission.) It was expected that the 

transmission would again be linear when the finesse was quenched. In many 

cases this was observed. In a number of cases the transmission declined sharply 

with increasing intensity, producing a saturation of the transmitted intensity. 

Figure 3.11 reproduces one such saturated transmission curve· taken at X = 5.63 

Ilm with the 300 Ilm thick sample at an initial temperature of 92K. 

The linear rise at low intensity occurs in Figure 3.11 with an absorption 

initially of 8 cm- 1 and initial transmission level of roughly 0.19, which is 

consistent with the calculated minimum of 0.19 for an etalon under these 

conditions. The transmitted intensity IT very quickly begins to saturate. Over 

the range of incident intensities II approx 500 W /cm2 to 5500 W /cm2 IT rises 

from roughly 80 to 130 W /cm2 . The transmission level has fallen to about 0.03 

at half maximum and 0.02 at pulse peak. From knowledge of the pulse shape 

and duration (pulse was roughly triangular with approximately an 800 Ilsec rise 

time), the absorbed power can be derived from the observed transmission to 

model an approximate temperature rise and an expected level of transmission 

reduction. Figure 3.12 shows the temperature and absorption rise calculated with 

the approximation of negligible heat diffusion (plane wave approximation), and 
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Figure 3.11. Nonlinear transmission showing saturation of transmission due to 
increasing absorption. 



63 

.2 

-Q) Calculated. i> A Q) 

~ 

d 
• 1 0 ..... 

tn 
tn ..... 
S 
tn 
d ro 
~ 

Observed E-< 

0 
0 2900 5800 

120 100 

- -~ B -- I 

S 
U 

Q) -~ 

~ 
d ..... 

10 ro 0 ~ ..... 
Q) ..... 
0. 0. 
S ~ 

0 
Q) tn 

E-< .0 
< 

90 1 

0 2900 5800 

Incident Intensity (W/cm2) 

Figure 3.12. Calculated maximum contribution of temperature rise to the 
saturated transmission shown in Figure 3.11. 

(A) 
laser pulse. 
transmission 
Calculations 
figure 3.11. 

Calculated temperature and absorption of sample due to heating be 
neglecting thermal diffusion. (B) Comparison of observed 
level with the level derived from calculated absorption. 

were made for several indicated points using data derived from 
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compares the derived transmission level with that actually observed. Contribution 

from free carrier absorption (considered below> is included in the calculation. 

These are clearly insufficient to account for the effect observed in this sample, 

suggesting that other mechanisms should be investigated. 

This calculation ignored the conduction of heat away from the irradiated 

area of the sample. The thermal conduction time characterizing the rate at which 

heat can be dissipated into the thermal reservoir of the unheated sample is given 

roughly [3] by 

(3.14) 

where cp is specific heat at constant pressure, p is material density, r is radius of 

heated region, and " is thermal conductivity. For a beam radius of 75 Ilm, this 

yields a conduction time of approximately 40 Ilsec. Inclusion of thermal 

diffusion would substantially reduce the size of the calculated thermal effect. 

Table II lists the parameters for thermal calculations for InSb at ~ lOOK. 

Free carrier absorption is the result of the interaction of an incident 

electro-magnetic field with the free electron-hole plasma. Typically, an electron is 

raised to a higher state within its own energy band, with the excess energy 

transferring to the lattice as the electron is scattered to a lower energy state. 

With sufficient photon energy, transitions may take place between bands. The 

expression 



Table II: Parameters for Thermal Calculation in InSb 

Density 

Specific heat 

Conductivity 

5.8 g/cm3 

0.038 cal/g-K 

0.80 W/cm-K 

[43] 

[44] 

[45] 
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O:free = (3.15) 

describes the free carrier absorption in InSb [26], where it is found that O:free = 

2.3 cm- I for N = 1017 cm-3 and X = 9 #lm. From this the free carrier 

absorption is expected to rise from essentially zero to roughly 6 cm- I at incident 

intensity of 5000 W Icm2 under the conditions of the above observations. 

Wherrett, Tooley and Smith [46] have presented an approximate theory 

describing thermally increasing absorption in the bandtail region under steady state 

irradiation, and have applied this to the case of InSb. The major assumptions 

made were that (1) the absorption increased exponentially with temperature (0: = 

O:oexp(AT IT 0) for 0:0 initial absorption, AT local temperature rise, and To a 

scaling coefficient); (2) the temperature rise was directly proportional to irradiance 

(AT = Alo(1-exp( -0:0) where A is a thermal constant); and (3) no cavity 

feedback was present. With these assumptions they derived the requirements for 

bistability under steady state conditions 

0:0 0 < expO-e) ~ 0.18, (3.16a) 

(3.16b) 

They were able to observe thermal bistability in InSb samples that lacked etalon 

feedback, as well as in InSb etalons. Two conditions substantially distinguish 

these observation from those reported here: steady state bistability required slow 
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variation in laser beam intensity, as well as samples that were poorly heatsunk to 

achieve the necessary temperature rise. The hysteresis observed in this study 

occurred on a time scale of a few hundred p.sec in samples that were well 

bonded to copper heatsinks. Neither of the conditions (3.16) were obeyed. The 

pulsed condition does not fit the approximations of the steady state theory. An 

appropriate dynamic theory deserves future consideration. 

No specific study was made of the transition from linear to saturated 

transmission, though the different types of transmission were generally seen at 

successively higher temperatures: linear transmission with n2 and 0: small, 

refractive nonlinear transmission with significant n2 and moderate 0:, linear 

transmission with 0: high enough to destroy the finesse, and finally nonlinear 

transmission from increased absorption. One set of observations was made in 

which nonlinear refraction and increasing absorption occurred at different laser 

intensities for the same initial conditions. Figure 3.13 shows such an observation 

for a pulse at 6.10 p.m in the 725 p.m sample at a temperature of 142K with 

initial 0: = 8.5. The feature of interest is the distinction between the low and 

high intensity behavior: both the minimum and maximum transmission levels are 

clearly defined at low intensity, but at high intensity the transmission drops 

substantially below this minimum level. There are three distinct effects that may 

be present here: electronic nonlinear refraction, thermal increase in the absorption, 

and thermal increase in the refractive index. At low intensity the electronic 

nonlinear refraction is evident in Figure 3.13: the applied intensity pulls the 

eta Ion tuning through a transmission minimum and to a maximum. This is 

characteristic of the transmission observations made. (This refraction is electronic, 

rather than thermal, in origin: in several other instances the nonlinearity was 
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Figure 3.13. Nonlinear transmission showing both electronic refractive detuning 
and increasing absorption. 

The transmission at high intensity falls below the minimum low
intensity transmission. indicative of an increase in absorption. 



69 

observed to saturate with increasing intensity. while a thermal refraction change 

would increase with intensity. since it accompanies an increase in absorption.) 

The decline in transmission at high intensity can be due only to an increase in 

absorption. (Far field defocussing [3. 41] is ruled out because the etalon face is 

imaged onto the detector. Appearance of transverse structure within the etalon is 

also excluded because numerical simulations indicate that transverse structure 

arises only in the case of a self-focussing nonlinearity. and does not occur in the 

self-defocussing case [32].) An increase in absorption due to sample heating (the 

mechanism considered plausible) will be accompanied by a thermal increase in the 

refractive index [3]. which is opposite to change induced by the electronic 

nonlinearity. Regardless of the initial detuning of the etalon. the absorption 

became visible around a point of high transmission (high internal intensity). As 

the intensity was raised beyond this point the effect of the electronic nonlinearity. 

which is to pull the eta Ion toward a minimum in internal intensity. was partially 

compensated by the shift in refraction with increased temperature. 

In the three thicker samples used. the effect of increasing absorption was 

essentially the same for the rising and falling portions of the pulse: no hysteresis 

was seen. In pulsed operation hysteresis may generally be observed if the pulse 

duration is comparable to or shorter than the response time of the medium. 

Neither overshoot nor switching characteristic of bistable operation is present in 

this case. Such hysteresis was observed using 15 p.m and 40 p.m samples. Both 

samples were sufficiently thin that no nonlinear refraction was seen at any 

temperature with the intensities available. The absence of observable nonlinear 

refraction indicates that the nonlinearity is substantially lower in these thin 

samples than for the thicker ones. since the value of n2I needed for an 
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observable phase shift is only at most a factor of 10 larger than for the 110 Jl.m 

sample. The saturation of n2 is significant. implying that the required intensity 

must be much more than a factor of 10 larger. The other consideration is that 

the thickness of these two samples is only about one-half and one-fifth of the 

carrier diffusion length. so that surface recombination substantially lowers the 

carrier lifetime and the magnitude of the nonlinearity. 

The transmission behavior in the 15 Jl.m and 40 Jl.m samples went 

directly from low absorption linear transmission to increasing absorption nonlinear 

transmission and hysteresis as the temperature was raised. A hysteresis loop 

typical of that observed is shown in Figure 3.14. Hysteresis was seen at the 

5.63 Jl.m wavelength over a temperature range about 11 OK to 190K for the 15 

Jl.m sample. and 120K to 1 70K in the 40 Jl.m sample. Above these temperatures 

no hysteresis was observed. The exponential absorption is extrapolated to 1000 

cm- 1 at about 138K; it is expected to rise much more slowly above this 

temperature as the parabolic band edge falls below the photon energy. The area 

of the hysteresis loop was observed to increase with rising temperature (as d~/dT 

increased with n to a peak. then to decline as the total transmission level and 

differential absorption dropped. 

Hysteresis was also observed in reflection from a 30 Jl.m sample with a 

gold-coated rear face. Observations were made with h = 5.999 Jl.m at 161K to 

171 K and at 6.108 Jl.m from 182K to 192K. At temperatures above these. the 

signal-to-noise ratio. the nonlinear reflection level and the size of any loops were 

all too low to observe hysteresis. Nonlinear reflection. which evolved into the 

observed hysteresis. was seen with the 5.999 Jl.m line above 140K. This 

temperature range was not explored at 6.108 Jl.m. The apparatus for this 
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o "'5000 
Incident Intensity (W /cm2) 

Nonlinear transmission showing hysteresis due to increasing 

This curve is typical of hysteresis seen with the 15 Ilm sample. The 
upper portion of the loop corresponds to increasing intensity. Overshoot was 
never observed. The area and extent of loop varied with intensity of the laser 
pulse. but the general shape was maintained. The kink in the rising portion of 
the loop was absent at some of the temperatures investigated. suggesting that this 
behavior depends on the etalon initial detuning. 
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observation was basically that of Figure 4.4, with primary lens of 78 mm focal 

length for spot size of 80 pm (diameter to l/e2 in intensity), reflected detector 

lens f = 137 mm for 160 pm spot, and incident lens f = 182 mm for 200 pm 

spot. Both detectors used 100 pm pinholes to boost the signal to noise ratio. 

This hysteresis, shown in Figure 3.15, is distinct from the refractive hysteresis 

mentioned in Chapter 4 in several ways. There is neither overshoot nor clear 

switching observed. Unlike the transmission case, the reflection curve clearly 

retraces itself over a segment of the low intensity curve. Pulses differing in peak 

intensity by a factor of two showed only a difference in size of the hysteresis 

loop (basic shape retained), with the retraced segment unaffected. More indicative 

of an increasing absorption effect is the eta Ion tuning under which hysteresis 

occurred. For refractive hysteresis the reflectance has a high value (low internal 

intensity) immediately prior to switching. In probing this sample, however, only 

linear behavior was seen for high reflectance detunings. As the sample was 

scanned through the focussed beam sweeping through a detuning of about rr/2 the 

reflectance was reduced, maintaining its linearity until the onset of hysteresis. 

The hysteresis increased as the total reflectance declined, as illustrated in Figure 

3.16. This onset of hysteresis at high internal intensities is indicative of 

increasing absorption. 

The observation of hysteresis in these thin samples is particularly 

puzzling from the standpoint of the material response times involved. The total 

pulse length was about 1.6 msec for the transmission samples, and 0.7 msec for 

the reflection sample. The thermal time constant calculated for the transmission 

geometry is on the order of 40 psec, while for the reflection case it is on the 

order of psec (because of superior heat sinking). Bandgap renormalization 
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Figure 3.15. Nonlinear reflection showing hysteresis due to increasing ~bsorption 
for 40 /lm sample. 
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Figure 3.16. Progression from linear reflection to hysteresis at successive eta Ion 
detunings for 40 IJ,m sample. 
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would relax at the same rate as carrier recombination--roughly 200 nanoseconds. 

Both of these processes are substantially faster than the pulses used, leading to a 

question of whether they can be responsible for the hysteresis seen. Further 

inquiry into this topic was beyond the scope of the project. 



CHAPTER 4 

3-PORT AND 2S0N DEVICES 

Since the conception of bistable optical devices it has been appreciated 

that they have application as binary memory elements [4. 47]. With the 

development of tiny semiconductor bistable etalons. there has been increasing 

interest in optical memories and in exploiting the large differential gain of 

nonlinear etalons for optical logic gates. Both single- and dual-input gates have 

been demonstrated using GaAs and InSb [48]. In general. one uses an etalon 

with a c. w. pump beam. the reflected or transmitted portion of which serves as 

the output of the gate. The approach taken has been to use signal beams that 

are roughly collinear with the pump beam to change the phase thickness of the 

etalon and to alter its output. 

A different scheme for performing logic operations in a nonlinear etalon 

is possible: one in which the control beams are not resonant with the etalon but 

are injected through its edge and are totally confined within the etalon. All of 

the logic operations possible with facially addressed etalons can be performed in 

the edge injection scheme. This chapter considers a number of aspects of etalons 

with edge-injected control beams. The first section uses the plane wave theory 

of bistable etalons to discuss the operation of one and two control beam devices. 

and how they can be employed as optical logic gates. Sections 4.B and 4.C 

describe the experimental demonstration of logic operations in eta Ions having a 

single control input (3-port device) and two inputs (2S0N--2-Signal Optical 

NAND--gate). The next section discusses a number of design considerations for 
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using a two dimensional array of such devices in a binary all-optical processor. 

The chapter closes with a brief description of a modification of the 3-port device 

to create bistable optical clock. 

4.A Plane Wave Theory 

In considering the operation of optical gates using nonlinear etalons, two 

approximations greatly simplify the discussion. The first is that the plane wave 

theory can be applied. While chapter 3 has shown that quantitative measurement 

requires modification when imperfect devices are used, for heuristic discussion we 

may presuppose the use of well crafted devices which satisfy the approximation of 

plane waves. The second simplification is that carrier diffusion in the nonlinear 

medium destroys any standing wave effects and smooths out the transverse 

structure of the laser beam. This is briefly considered in section C and found to 

be applicable. 

The relation between the incident intensity 10 and the reflected intensity 

IR is described with the above approximations by the expression [35, 50] 

(4.0 

In this equation F is the coefficient of finesse of the cavity, given by the 

expression F = 4RaJ( 1 - RaP: where Ro: is the effective mean reflectivity of the 

mirrors. Ro: is given by the expression Ro: = (RfRb)1/2 exp(-o:D) in terms of 

the front reflectivity Rf. the back reflectivity Rb. the material absorption 0:, and 

the eta Ion thickness D. Cl and C2 are parameters of the etalon derived from the 



reflectances and the absorption. They are given by 

and 

CI = I + Ra:2 - Rf - Rbexp(-2a:O) 

(1 - Ra:)2 

[I - exp(-a:O)](1 - Rf)[1 + RbexP(-a:O)] 
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(4.2) 

(4.3) 

The coefficient 'Y describes the nonlinearity of the cavity, given by 'Y = 21Tn20/A. 

leff is the effective internal intensity of the cavity, described by the relation 

leff = (4.4) 

The denominator describes both resonance enhancement of the internal intensity 

and reduction due to material absorption. The initial detuning of the cavity is 

represented by o. 

A complementary expression can also be written for the transmitted 

intensity IT [33]: 

10 + ~ ]. (4.5) 
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Since the devices investigated in this work were based on etalons operating on 

reflection, only the reflection case will be explicitly considered. Operation in 

transmission is qualitatively similar to operation in reflection. The two 

differences are the higher contrast achievable on reflection [49], and the reversal 

of the high/low output states. In this discussion, the 'off' state of the eta Ion is 

considered that in which the reflection is high and (if the transmission of the 

back face is nonzero) the transmission is low, while in the 'on' state the etalon 

has low reflection and high transmission. 

The nonlinear behavior expressed by equation (4.0 is a consequence of 

the presence of leff in the argument of the sin2 term in the denominator. 

Physically, leff can vary the optical phase thickness of the eta Ion and affect the 

reflectance. Since IR is a contributor to leff' (4.0 is an implicit expression for 

IR' hence IR may be multivalued for certain levels of 10. 

Typically, the phase thickness and the state of a nonlinear etalon are 

changed by varying 10 or by altering the intensity of a signal beam also incident 

on the etalon face. In the strict sense, the detuning is given by the expression 

21TnD/h + 21TDn2Iinternal/h, where 6 represents the first term, and Iinternal in the 

second term is the general intensity driving the nonlinear index, of which 10 is 

only one possible contributor. The two devices studied in this work made use 

of additional laser beams injected through the edge of the etalon to control the 

phase thickness. Three major features of these control beams are that they are 

confined within the etalon by total internal reflection, are decoupled from the 

incident and reflected beams, and may propagate to more than one bistable spot. 

If the etalon phase thickness is written in the form 'Yleff + 6, then the 

effect of an edge injected control beam is to alter the initial de tuning 6. In terms 
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of two independent control beams the effect is described by the relation 

~ = ~o + -rICI + -rIC2 ' (4.6) 

in which ~o is the detuning due to the linear refractive index. ICI and IC2 

have the same wavelength as 10, and so share the same nonlinear coefficient. 

The experimental work performed used the same wavelength for all beams, so this 

assumption will be used in the present analysis. The condition in which the 

control beams have wavelengths which are different from 10 is considered below. 

Historically, the concept and demonstration of the single-control-beam device 

(3-port) preceded those of the two-control-beam device (2S0N) by several months. 

With the clarity of hindsight, the analysis presented here will encompass both 

cases by using the notation IC = ICI + IC2' and distinguishing between them as 

necessary. 

When the incident beam is ramped to map out a bistable loop, the 

injection of a constant control beam will determine the existence, size and location 

of the loop through its control of the detuning. A more interesting application of 

the control beams is to provide dynamic detuning of the eta Ion when 10 is held 

constant, so as to perform switching and logic operations using the reflected (or 

the transmitted) beam as the device output. The effect upon the output of 

varying the control beam depends heavily upon the incident intensity, as 

illustrated in Figure 4.1. Using equations (4.1) and (4.6) the etalon reflectance is 

plotted as a function of IC for three different 10 values: 5, to and 40 W/cm2 . 

The parameters used in the calculation are Rf = 0.36, Rb = 0.85, n = 4, n2 = -I 

x to-4 cm2/W, Q: = 3.6, D = 500 #lm, X = 5.591 #lm. For low incident 
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Figure 4.1. Reflectance as a function of control beam intensity for three values 
of incident intensity. 
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intensities the response is the classical Airy reflectance curve (Figure 4.1-A). 

When the incident intensity is increased. the effect of fO and IR upon the phase 

term becomes significant. causing the curve to begin to fold back upon itself. 

eventually creating regions of bistable operation (Figure 4.1-B and 4.1-C). 

Further increase of 10 stretches the curve so that regions of multistable operation 

appear. Since 50 is unspecified. the position of the Ie = 0 axis is arbitrary on 

Figures 4.1 and 4.2. Selecting 50 will determine the phase of the response of IR 

to Ie. 

To illustrate conceptually the use of switching and logic operations with 

control beams. part of one curve from Figure 4.1 is redrawn in Figure 4.2 with 

several operating points indicated on the curve. The simplest case considers only 

a single control beam input. If the control beam intensity initially biases the 

device to point A. then a pulse that shifts operation to point B will have no 

effect on the output level. A control pulse that toggles the operating point to D. 

however. will switch the device output between the high and low states. This 

operates as a simple inverting switch with a distinct threshold level. 

The use of two control beams permits a much wider range of functions. 

Taking A as the initial operating point. the NAND function is performed when a 

single control beam moves the device to point B. while simultaneous application 

of two beams takes it to point D. The NOR function is obtained by using points 

D and E as the termini for the application of one and two beams. respectively. 

Two other functions are indicated with Figure 4.3. If the three points F. G. and 

I are selected. then the device output is analog. declining with successive inputs. 

In transmission one would perceive this as analog addition. perhaps calling it the 

SUM or ADD operation. To maintain the symmetry of interpreting the reflected 
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operation. 
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Control Intensity 

Several device operating points indicating NAND and NOR 

NAND operation takes place using points A. B. D; NOR uses B. D. E. 
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Figure 4.3. 
operation. 

Control Intensity 

Various device operating points indicating NXOR and Nadd 

NXOR operation takes place with points F, I, J; Nadd uses F, G, I. 

84 



85 

signal outputs as negated functions, I shall refer to the function operating between 

points F, G and I as Nadd. The NXOR (negated XOR) operates with F as initial 

point, using I and J as single- and double-input termini. The NXOR has the 

disadvantage of requiring much more control power for the same etalon 

configuration than any of the other functions. In practice, the device is operated 

so that the intensities of the two control beams are approximately equal when 

performing any of these functions. The inverse of each of these functions is 

observed by taking the transmitted beam as the device output. For each function 

except NXOR the extension to a multiple input gate is obvious. 

4.B Demonstration of the 3-Port Device 

The demonstration of the 3-port device [50] proceeded in three distinct 

steps. It was first necessary to observe optical bistability in our InSb samples to 

be certain that the samples, equipment and technique were adequate for further 

work. Second, to determine whether a change in detuning could actually be 

observed, a c.w. control beam was injected through the edge of the etalon as the 

bistable response was traced out on an oscilloscope. Finally, a pulsed control 

beam was used with a c. w. incident beam to show switching of the etalon with 

the control beam. The term '3-port' was an early reference to the incident, 

reflected and control beams being analogous to signals from three separate device 

terminals. 

The InSb samples used in both the 3-port and 2S0N investigations were 

obtained from Cominco Electronic Materials, Inc. of Spokane, Washington. The 

material was n-type, doped with tellurium at a concentration of 4 x 1014 cm- 3. 

The samples were 500 pm wafers (lateral dimension 5mm x 5mm) the faces of 
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which had been mechanically ground and polished to a final Linde B (0.05 Ilm 

alumina grit) finish; the edges were saw cut. The faces were parallel to 

approximately I milliradian. To enhance the cavity finesse, the samples studied 

were coated with gold on the rear face. This raised the natural reflectivity of 

0.36 to 0.85 [51] and increased the cavity finesse (F = 1rRa/O - Ra:» from 1.3 

to 2.6. The samples studied were mounted on gold-coated copper sample pads 

and cooled as described in chapter 3. 

In the initial test of material and technique, the chopped beam from a 

CO laser operating c.w. on the 5.591 Ilm line was incident focussed onto the 

etalon face, as indicated in Figure 4.4. The beam was focussed to a spot size of 

180 Ilm with CaF2 lenses. All CaF2 optics used were broadband antireflection 

coated for the 5.0 to 5.8 Ilm band. The detectors used were pyroelectric, with 

the detector elements (PI-33) obtained from Molectron Corporation, and identical 

amplifying circuitry built in our laboratory. Bistability was observed in reflection 

with an incident power below 20 mW as indicated in Figure 4.5. This assured 

that our method and equipment were adequate to proceed further. 

The geometry used for the 3-port experiment is shown schematically in 

Figure 4.6. A c.w. beam from the CO laser is split at BSI to form incident and 

control beams. The incident beam is re-directed by mirrors (M I and M2). then 

focussed and detected as in Figure 4.4. Not depicted is the chopper used to 

pulse the incident beam. The control beam is sent through a chopper (A). 

detected (D3) and focussed to a 350 Ilm spot onto the edge of the eta Ion. The 

oscilloscope displayed either incident and reflected signals in X-Y mode when 

pulsing 10. or control and reflected signals when 10 was constant and IC pulsed. 
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Figure 4.4. Arrangement of equipment for observing bistability on reflection. 
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Incident Power 

Figure 4.5. Optical bistability in reflection from 500 p.m InSb etalon. 

The upper section of the loop is followed as the power rises. with the 
lower section corresponding to falling power. Incident scale is 4 mW per 
division; reflected scale is 3 m W per division. 
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Figure 4.6. Apparatus for 3-port demonstration. 

A - chopper used to pulse control beam; BSl, BS2, BS3 -
beamsplitters; 01, 02, 03 - pyroelectric detectors; LI, L2 - focussing lenses; 
MI, M2 - beam steering mirrors. 
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Figure 4.7. Reflectance curves showing hysteresis only with application of 
control beam. 

Four reflectance curves taken at the same etalon spot are shown. The 
upper two show reflectance without control beam. For the lower two a c.w. 
control beam is applied. which provides the additional detuning needed to obtain 
hysteresis. Scale for each curve is similar to figure 4.5. 
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Application of a c. w. control beam was first used to determine whether 

the etalon detuning could be affected. The incident beam was pulsed so that 

bistable behavior was observed. The control beam was then focussed through 

the edge of the etalon near the bistable spot, and was scanned until a shift (to 

lower intensities) was seen in the bistable loop. Its effect was maximized by 

successive adjustments of spot location and control beam focussing. Figure 4.7 

depicts the result of this test. The reflectance from the eta Ion in the absence of 

the control beam is nearly linear: the level of the incident pulse is insufficient to 

reach an area of bistable operation. With a c. w. control beam applied to change 

the detuning, the pulse height was sufficient to sweep through a bistable region. 

During the mounting process one of the samples was dropped, breaking 

off a corner to expose a nearly cleaved surface. This smooth surface was 

selected for injection of the control beam. Subsequent attempts to inject a control 

beam through the original saw cut edges were uniformly unsuccessful. 

3-port· operation was examined on numerous occasions with a view to 

assuring repeatability, investigating different etalon detunings, maximizing the 

variation in IR and the effectiveness of Ie. In each instance the observation 

made was that the application of the control beam reduced the intensity needed 

for the appearance of hysteresis. One observation was also made of an apparent 

thermal effect. Application of the control beam increased the intensity needed for 

the etalon to go bistable. This increase began immediately upon applying the 

control beam, but required a time of 2 to 3 seconds for a full shift of the 

bistable region. The control beam was repeatedly blocked and unblocked over a 

period of ten minutes to test the persistence of this behavior. The time delay 

remained constant, and was observed on both the introduction and removal of the 
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control beam. The interpretation of this observation is that the control beam was 

misaligned. so that it was focussed upon the thermal grease bonding the sample to 

its cold pad. thereby heating the juncture. The resulting slow rise in temperature 

expanded the etalon. producing a detuning change opposite to that generated by 

the electronic nonlinearity. 

To demonstrate switching with the control beam. an etalon spot was first 

selected (using pulsed incident and constant control beams) for which the control 

beam was required in order to obtain a bistable loop. The incident beam was 

then held constant at its peak intensity while the control beam was mechanically 

chopped at 40 Hz. Figure 4.8 shows oscilloscope trace of the control and 

reflected beams in this experiment. Trapezoidal control pulses were provided by 

the chopper; the fall-off of the high and low level of both signals results from 

the long pulse duration which exceeded the thermal time constant of the 

pyroelectric detectors. The switching of the reflected beam was observed to be 

sharper than the rise of the control pulse. which is characteristic of switching 

between bistable states. 

Spot locations which were on the order of 200 p.m from the etalon edge 

provided maximum effect of control beam intensity. A subsequent investigation 

revealed effects of the control beam on the etalon reflectance as far as 2 mm 

away from the edge. Since the absorption loss of control beam intensity at this 

distance was only 0.50. the interpretation of this observation is that the control 

beam was distorted by passage through the nonplanar edge of the etalon. with 

subsequent spreading and a reduction in intensity at the interaction region. 
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Figure 4.8. 3-port operation: switching of reflected beam with control beam. 

(A) Pulsed control beam. (B) Constant reflected beam in absence of 
control beam. (C) Reflected beam switched by control beam. Trace (C) is 
inverted relative to (A). 
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4.C Demonstration of 2S0N Device 

Having observed switching of a bistable etalon by an edge injected 

control beam. our interest turned to the use of two control beams to perform 

two-input logic operations. The feasibility was dear from the previous work. but 

concern lay in the adequacy of the laser power for such demonstration. 

Sufficient power was available to make preliminary observations on NAND gate 

operation. Subsequent maintenance and upgrade of the laser provided the power 

needed for full demonstration of logic operations [52]. 

The equipment used for this investigation is shown in Figure 4.9. Two 

beam splitters provided the incident and control beams for the experiment. The 

second beam splitter could be varied so that the power split between the two 

control beams could be adjusted. The InSb samples were taken from the pieces 

purchased from Cominco. described in the previous section. Two adjacent edges 

were mechanically polished to a Linde B finish to permit good injection of the 

control beams. Each sample was gold coated on the rear face to increase the 

etalon finesse. They were mounted as described above. placed in a miniature 

dewar with three anti-reflection coated CaF2. and cooled to 79K. (For clarity. 

the dewar is omitted in Figure 4.9.) The beam from a 2mW HeNe laser was 

injected through the first beam splitter along the path of the CO laser beam. This 

proved of great assistance in aligning and focussing the CO beam. 

When the initial work was performed the c.w. output of the laser was 

insufficient to provide the needed intensities for the three input beams. Since 

higher peak powers could be obtained by electronically pulsing the laser. this 

mode of operation was employed. (The pulses were only on the order of 

lOOmW.) Indications of NAND operation could be seen at the peak level of the 
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Figure 4.9. Apparatus for 2S0N demonstration. 
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BS - beamsplitter, D - pyroelectric detector, L - CaF2 lens, M -
mirror. The HeNe laser beam is collinear with the CO beam beyond BSI. For 
clarity, the dewar containing the InSb etalon is not drawn. 
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Figure 4.10. Preliminary evidence for NAND operation. 

Reflectance curves for the four combinations of two control beams. 
Simultaneous application of both control beams is required to affect the 
reflectance. Incident power is roughly 10 mW, reflected power reaches roughly 
3 mW. 
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laser pulses. Figure 4.10 presents the evidence for NAND operation: simultaneous 

application of the control beams produced a distinct reduction in the reflected 

output. while upon separate application no influence is discernible. This result 

was encouraging. but only preliminary. 

Following these initial observations. the laser tube was cleaned. and the 

laser cooling system upgraded to boost the output power. When the experiment 

was repeated the laser was used in c.w. mode on the 5.601 Ilm line. A 

mechanical chopper pulsed the applied control beams. Electronic noise from the 

laser power supply at roughly 2000 Hz produced a 3% to 5% ripple in the laser 

power. The incident beam. with power ranging up to 12 mW. was focussed to a 

spot of roughly 100 Ilm with an uncoated CaF2 lens (f = 90mm); the two control 

beams used 135mm focal length CaF2 lenses to focus to spots of 250 Ilm 

diameter. A total power of 100 mW was split between the two control beams. 

Each of the three lenses (L I. L2. L3) focussing beams upon the etalon could be 

adjusted by micrometers in three perpendicular directions. providing fine control 

over beam position. intensity (through spot size). and overlap. This degree of 

beam control was necessary. since the response of the reflected beam depended 

very sensitively on the initial detuning of the etalon spot. the intensity of the 

incident beam. the intensities of the two control beams and their overlap with the 

bistable region. 

With the improved laser performance. several logic operations were 

demonstrated. Each was obtained by a successive search of various detunings 

and control beam levels. The detuning was adjusted by moving the spot location 

slightly. the control beam levels were varied by changing the focussing into the 

active region. and the balance between them was selected with the variable beam 
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splitter. At low incident intensities. in which the etalon response did not exhibit 

bistable behavior. the Nadd function was observed. Figure 4.11 reproduces the 

observed behavior. The presence of either control beam shifts the device 

operating point (as in Figure 4.3) to a region of reduced reflection, while 

application of both beams shifts it to the low reflectance state. At higher 

intensities both the NAND and NOR functions were observed for different eta Ion 

detunings. Illustrations of these are presented in Figures 4.12 and 4.13. The 

control beam pulses are indicated in both Figures, along with the reflected 

intensity for (B) no control beam, (C) and (D) each control beam applied 

separately, and (E) the control beams applied simultaneously. The base reflectivity 

without control beam was estimated at 0.25 (3mW) which was reduced by 40% 

with the application of the control beams. Following its demonstration the term 

2S0N gate (from 2-Signal Optical NAND) was coined to refer to this device. 

Prior to the observation of the NOR operation, there was some doubt 

raised as to whether this function could be observed experimentally using beams 

having a Gaussian intensity profile. Our uncertainty as to the extent of carrier 

diffusion in JnSb raised this question. If the carrier diffusion length is 

comparable to, or larger than, the spot sizes, then the transverse variation of the 

beam's effect upon the material is washed out by diffusion. making the plane 

wave approximation applicable. If the transverse structure were preserved, 

however, the application of one control beam could switch a central portion of 

the active spot, while a pair of beams would simply switch a larger portion. 

The response would be a reduction in reflection for the first beam, with a further 

reduction for the second: the Nadd function initially observed. When the 

question was resolved by attaining NOR gate operation, no significant difference 
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Figure 4.11. Demonstration of Nadd function. 

Base signal level is roughly 4 m W for all traces. (B) Reflected signal in 
the absence of control beam. (C)-(D) Reflected beam with application of separate 
control beams Cl and C2' Pulses are roughly 0.8 mW in depth. (E) Reflected 
signal with application of both control beams. Pulse depth is roughly 1.5 mW. 
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Figure 4.12. Demonstration of NAND function. 

Base level for reflected signals (BHE) is roughly 4 m W. (A) Control 
beam pulse; height roughly 50 mW. (B) Reflected signal in absence of control 
beam. (C)-(D) Reflected beam with separate application of Cl and C2' (E) 
Reflected beam with application of both control beams. Pulse depth is roughly 
1.5 mW. pulse rate is 250 Hz. 
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Figure 4.13. Demonstration of NOR function. 

Base level for reflected signals (B)-(E) is roughly 4 mW. (A) Control 
beam pulse, height roughly 50 mW. (B) Reflected signal in absence of control 
beam. (C)-(D) Reflected beam with separate application of C I and C2' Pulse 
depth is roughly 1.5 mW. (E) Reflected beam with application of both control 
beams. Pulse depth is roughly 1.5 mW, pulse rate is 250 Hz. 
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was observed between the output pulses under single and dual input conditions. 

This observation of NOR gate operation indicates that the carrier diffusion length 

must be at least of the same order of magnitude as the active spot radius (125 

/lm). Subsequent four-wave mixing experiments indicated a diffusion length of 

about 60 /lm [35]. Hagan, Galbraith et al. reported a diffusion length of 74 /lm 

as the best fit for their measurements of diffusion dominated transverse coupling 

between adjacent pixels on an InSb etalon [36]. 

In considering control pulses of equal intensities, and a risetime longer 

than the medium response time, it is clear that for the NAND case the device 

will stay in the 'on' state for somewhat less time than for the NOR situation. 

For the NOR, each control pulse must have peak intensity greater than the total 

switching threshold Iswitch' When two control pulses are simultaneously applied, 

it follows that the device will switch before the pulses have reached half the peak 

intensity. The opposite situation obtains in the NAND case: each pulse must be 

less than Iswitch, so that with two pulses switching occurs at greater than half 

peak intensity. In principle, the individual pulse intensities may be made 

arbitrarily close to the threshold, so that the delay between control pulse 

application and device response may be made nearly the same in both cases. The 

difference in output pulse duration between the NAND and NOR operations 

observed was roughly 50%, which can be noted, for example, by comparing 

Figures 4.12(E) and 4.13(E). The case of control pulses with duration comparable 

to the medium response time was not considered. 
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4.D Extrapolation and Optimization 

A major interest in bistable optical devices is the prospect of cascading 

them in an all-optical logic processor. The advantage of such optical processing 

is the ability to use a large array of elements operating in parallel. e.g. a large. 

uniform etalon with many separate bistable pixels. An array of 2S0N gates would 

be useful in an optical processor to initialize and store a large set of binary data 

for use as input data or as program steps. This section discusses a number of 

design consideration for arrays of 2S0N gates [53]. Latched NAND operation 

using an additional holding beam is first introduced. and several aspects of the 

holding beam are further explored. Design limits on the number and similarity of 

pixels in a large array are presented. Finally. the issue of operating while 

different pixels are simultaneously read or written is considered. 

On a large square eta Ion. an array of pixels may be defined by injecting 

two parallel sets of control beams through adjacent edges. The intersections of 

these beams define the location of the pixels. as indicated in Figure 4.14. A set 

of channel waveguides. the design of which is not considered here. will be 

required to confine the control beams. (Without such waveguide confinement. 

diffraction will rapidly spread a control beam. resulting in reduced effect on the 

intended pixels. and crosstalk to adjacent ones.) In order to operate the pixels 

independently. an additional holding beam IH is required to set the bias level for 

each pixel. The use of the holding beam is illustrated with Figure 4.15. In the 

absence of the control beams the device output is single valued. A constant 

holding beam is applied to shift the operating point into the region where IR is 

double valued. When a single control pulse is then applied. the operation shifts 

to point A. still in the off state. relaxing to the upper H point as the pulse fades. 
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Figure 4.14. Array of 2S0N gates defined on a large etalon. 

For clarity. only the beams addressing one element are drawn. 
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Figure 4.15. Application of holding beam for a Latched-NAND gate. 

Application of a contant holding beam biases the device to upper point 
at H. Simultaneous control pulses will shift operating point to B, from which it 
relaxes to the lower point H. The gate remains latched in the low state until it. 
is cleared by removing the holding beam. 
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Two simultaneous pulses will switch the device on by moving the operation to 

point B, which relaxes to the lower H point. Further stimulus does not change 

the device state. Momentary interruption of the holding beam resets the operation 

to its off condition. This is referred to as latched NAND operation. 

There are two distinct reasons for operating an array in latched NAND 

configuration. To store information in an array pattern each pixel must be stable 

in both of its states, and there must be a convenient method both to set and to 

reset pixel states. Further, the scheme must allow each pixel to be set 

independently of its neighbors. Since a control beam addresses an entire row of 

pixels, the state must be unaffected by the application of only one beam. 

Independent, bistable pixels can only be obtained with a NAND gate operating in 

latched configuration. 

A two-dimensional 2S0N array operation has several operating steps. 

The cycle begins with all pixels in the off state. The application of the holding 

beam sets the operating bias for each one. The rows must be addressed 

sequentially, with a single holding beam enabling a row, and the desired number 

of columnar control beams pulsed in concert to toggle specific elements. Random 

access to each pixel is possible by pulsing its two control beams simultaneously, 

but this mode of operation is practical only for low data rates. For a linear (1 

x N) array only a single control beam is needed for each element, while a guided 

wave common to all elements may be used as the holding beam. 

The trade-off that must be made in using a two dimensional array is an 

increase of access time for a reduction in address beams. In a facial address 

scheme an array of N2 logic gates requires 2N2 address beams, which can be 

used in single write cycle. (If the facial scheme is used simply to initialize pixels 
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in an array, then only N2 address beams are needed.) The 2S0N array requires 

only 2N address beams, but takes N write cycles to address all pixels. In the 

facial scheme the maximum number of address beams which may be on during a 

write cycle is the full 2N2, but for the 2S0N scheme it is only N + 1. If speed 

is the major design concern, then the facial address scheme is clearly preferable. 

The 2S0N array has a distinct advantage if the principal constraint is the number 

of address beams. For initializing an array with programming information or 

input data, which need not be done at the operating speed of the optical 

processor, the 2S0N array may be preferable. 

In previous demonstrations of differential gain or small signal switching 

with nonlinear eta Ions the functions of the holding and incident beams were 

usually performed by a single pump beam incident on the etalon face (often 

collinear with the signal beam). The intention of an optical logic gate is to pass 

an output signal to subsequent logic elements; hence it is desirable to have the 

incident beam absorbed as little as possible in order to produce a strong output. 

In order to be efficiently used, the holding beam must be strongly absorbed. 

Some compromise of efficiency must be made when a single pump beam is 

employed. It is possible to use a single pump beam in the 2S0N configuration, 

but the efficient use of both beams can be obtained when incident and holding 

beams are separate. When it is fully absorbed, the holding beam can easily be 

made non-resonant with the etalon. This condition is important, since the regular 

application of a control beam would change the detuning relative to a resonant 

holding beam, altering its effect upon the device bias. 

By biasing a nonlinear etalon into its bistable region, the holding beam 

provides a large improvement in the differential 'gain'. (By 'gain' is meant 
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IlR/ IlC: the ratio of the change in reflected beam intensity to the change in 

control beam intensity required to switch each pixel. 'Gain' is written with 

quotation marks here to point out the fact that this ratio may be less than one, 

or even negative in some situations.) Without a holding beam to bias the 

device, the NAND operation must be performed across a bistable region: IlC must 

be greater than the difference between the switchdown and switchup intensities, 

while it is always less than this when operating in latched configuration. The 

value of IlR is generally reduced when operation is across, rather than within, a 

bistable region (except in cases where 10 is only slightly above the threshold 

needed for bistable operation). The conditions of switching with and without 

holding beam are shown graphically in Figure 4.16. The advantage in 'gain' 

becomes more pronounced as 10 is raised. Figures 4.17 and 4.18 present graphs 

of the 'gain' as a function of 10 for cases with and without the holding beam. 

In both cases the 'gain' declines as the operating curve folds further back upon 

itself, but the 'gain' goes to zero in the absence of holding beam as illustrated by 

Figure 4.19: at the onset of multistabilty the reflectance is the same when the 

device is switched on as when it is switched off. At higher 10 values IlR is 

negative in the absence of a control beam. 

The number of pixels that can be supported on a single device is closely 

related to the degree of similarity required between them. If identical pixels are 

desired, the number is severely limited, but relaxation of this condition allows the 

number to be increased substantially. In the case of identical pixels--IlC equal 

and IlR equal--the length of the etalon, L, is limited by the constraint a:L < 0.69. 

Consider the two pixels located in opposite corners nearest to and furthest from 

the edges admitting the control beams (e.g. the lower and upper corners of Figure 



109 

AC 
No Holding Beam 

Holding Beam 

lAC 

Control Intensity 

Figure 4.16. Switching levels with and without holding beam. 

The use of a holding beam allows switching with less control power 
and with greater change in reflected power than in possible without the control 
beam. 
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Figure 4.17. Amplification available with a holding beam. 

Values for AR (as described in figure 4.16) plotted as a function of the 
required AC when a holding beam is used. Each dot indicates a step of I 

W /cm2 in the incident intensity. Values are calculated for an InSb etalon with 

D = 500 p.m, Rf = 0.36, Rb = 0.85, n2 = -10-4 cm2/W. 
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Figure 4.18. Amplification available without a holding beam. 

Values for AR plotted as a function of the required AC for operation 

without a holding beam is used. Each dot indicates a step of I W /cm2 in the 
incident intensity. Values are calculated for the same conditions as figure 4.17. 



H 

I 
I 

~C 

112 

No Holding Beam 

~R = 0 

Holding Beam 

~R 

Control Intensity 

Figure 4.19. Switching in a 2S0N gate at the onset of multistability. 
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4.14). In these two pixels ICI = IC2' For each one the inequality ICI < AC < 

2ICI describes the NAND condition. Since ICI (Nth row) = exp(-a:L) ICI (1st 

row), the implication ICI (1st row) < ICI (Nth row) yields the constraint on 

a:L. As discussed in reference 49, the greatest value of AR can be obtained 

with a:D E!!! 0.1. If each pixel is approximately a cube, this implies a limit 

around seven pixels for each row. A further restriction lies in the requirement 

that adjacent pixels have enough separation to avoid coupling due to diffusion or 

diffraction. Tai, Gibbs, et al. conclude that a spacing of 2.5 to 3 spot diameters 

is sufficient in two dimensions to prevent diffractive coupling [54]. Firth, 

Galbraith and Wright found that three diffusion lengths is adequate pixel 

separation to prevent coupling by carrier diffusion [55]. These separation 

requirements reduce to approximately three the number of identical pixels possible 

in a row. 

The severe limitation on pixels may be avoided by using a different 

wavelength for the control and incident beams, and optimizing a: separately for 

each wavelength. The alternative is to employ pixels that are similar, but not 

identical. By using different holding beam bias points the switching level AC can 

be made lower for each successive pixel. Reducing AC at the rate at which 

absorption reduces IC will greatly increase the number of pixels possible, at the 

cost of a small change in AR, as indicated in Figure 4.20. The number of pixels 

is then determined by selecting a practical limit to AC, below which the rate of 

switching due to noise is unacceptable. 

The acceptable spread of IR values is a major consideration in timing 

the read cycle for a 2S0N array. If read and write operations are performed 

simultaneously, then a range of values must be allowed in the output level of 
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Figure 4.20. Operation of several non-identical pixels in a 2S0N array. 
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each pixel. When a single control beam is applied to a pixel as a neighbor is 

addressed. the operating point will shift and the output may change significantly. 

especially in the low reflectance state. This spread in output values for on and 

off states must be tolerated in a scheme that reads outputs as pixels are being 

written. For separate read and write cycles each pixel has only a discrete value 

in each state. 

4.E 3-Port Bistable Optical Clock 

A substantial problem facing the use of a 2S0N array is the need to 

design and to fabricate a large array of channel waveguides to confine the control 

beams. A simpler device can be constructed with a single element and one 

control beam. If the reflected beam from the eta Ion face is used as the control 

beam. as indicated in Figure 4.21. then under certain conditions the device will 

oscillate between its on and off states, acting as an optical flip-flop or a bistable 

optical clock. The etalon itself need not exhibit bistable behavior in the absence 

of the coupled control beam, though this condition is advantageous. The 

conditions required for operation are illustrated in Figure 4.22. For the clock to 

operate between two points (C I, R 1 + ~R) and (C 1 + ~C, R 1) it is necessary 

that R 1 > Cl ,and ~R > ~C. This condition is imposed by the loss in 

relaying the reflected beam into the edge of the etalon as the control beam. 

Clock operation may be observed by initializing the device with the control beam 

blocked at operating point labelled 0 in Figure 4.22, where it is stable 

indefinitely. Unblocking the control beam initiates the effect of the control beam: 

the operating point shifts to B in a time determined by the medium excitation 

response time and the cavity buildup time. When the etalon switches on, the 
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Figure 4.21. Geometry for 3-port bistable optical clock. 
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A focussing element may be used to condense the control beam into a 
thin etalon. 



Figure 4.22. 
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control intensity is reduced to e I, forcing operation to point A in a time 

dominated by the medium decay time. (The cavity buildup and decay times are 

roughly tcavity = 2nDF /c , where F is the cavity finesse, on the order of lO-lO 

seconds for cavities a few hundred microns thick.) The speed at which it 

switches from low to high reflectance states provides direct information on the 

carrier lifetime. This device is referred to as a 'clock', for its output (taken 

either as the portion of Ie transmitted through the element, or as a portion of the 

reflected/control beam) is a pulse train of fixed frequency. 

Periodic pulsations have previously been studied using hybrid devices 

[56], GaAs etalons [57], self-trapping optical bistability in sodium vapor [58], and 

other materials. (See section 6.1 of reference 59 for a comprehensive review.) 

The pulsations are due to a competition between two nonlinear mechanisms with 

different time constants. In each of these cases of intrinsic etalon devices one of 

the mechanisms at work was thermal. The unique feature of the 3-port clock is 

that it exploits the same nonlinear mechanism for both switch-up and switch

down. 

There is an analogy here to other methods that have been proposed for 

optical flip-flops made of two or more coupled etalons: system feedback is 

accomplished by coupling the output of each element to an input of the 

subsequent element. Goldstone and Garmire [60] have made numerical studies 

of a system with a nonlinear eta Ion coupled to a linear one in a three mirror 

configuration, and found that pulsations could occur under certain condition. The 

principal requirement is that the round trip time of the linear cavity be longer 

than the response time of the nonlinear cavity. It appears that this requirement 

must also be fulfilled for the 3-port clock. This can be understood physically by 
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requiring that the switching process be carried out under constant control beam 

intensity, for if the control intensity changes as the switching progresses, a stable 

intermediate state may be reached. The required delay in control beam 

propagation is uncomfortably long. For example, in an InSb etalon with a 

material response time of 230 nanoseconds [39] the path of the feedback beam 

must to be 35 meters. Seaton [61] looked for, but was unable to observe 

pulsations in three mirror coupled cavity configuration with an InSb etalon. He 

concluded that in a sufficiently long linear etalon the required phase relations 

would be destroyed by mechanical vibrations, and suggested avoiding the problem 

of phase preservation by injecting the beam returning from the linear cavity at an 

angle to the primary beam. 

The required delay in propagation of the control beam can be achieved 

by building a system of several bistable elements with each taking for its control 

beam the output of the previous device. The propagation delay is then the 

device response time multiplied by the number of elements used. Such a scheme 

built with three 3-port inverters is shown in Figure 4.23. An element is not 

stable in the same state as its predecessor. The system is initialized with the 

output of one element blocked, and when this is released the switching of 

successive elements commences, as illustrated in Figure 4.24. A related scheme 

using standard bistable etalons has been discussed by Wherrett [49]. The effect 

of the control beam can be enhanced by making the edge opposite the injection 

of the beam highly reflecting so that the control beam makes two passes through 

each element. 



120 

3 
1 

2 

Figure 4.23. Ring oscillator built with three 3-port elements. 
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Figure 4.24. Heuristic description of operation of three element ring oscillator. 

The reflected power of each element is shown as a function of control 
intensity at four consective steps in the operation. The control power for each 
element is reflected power of its predecessor. (A) At initialization the output of 
element 3 is blocked. (B) When element 3 is unblocked, element 1 is forced to 
low state. (C) Element 2 relaxes to high state. (0) Element 3 is forced to low 
state by the high output from 2. Operation proceeds in a similar fashion 
through succeeding steps. 



CHAPTER 5 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER INVESTIGATION 

The work presented in this dissertation has fallen into two categories: 

the examination of optical nonlinearities in InSb at elevated temperatures. and the 

demonstration of two novel bistable etalon devices using InSb as the device 

material. Measurements were made of the nonlinear refraction in InSb at 

temperatures from 80K up to 182K by observing the transmission through a 

nonlinear InSb etalon. Over the range studied. the variation of the nonlinearity 

with temperature is due to the thermal shift in band-gap energy. The large 

nonlinear refraction observed at low temperatures persists for temperatures at least 

as high as 182K. Observations were also made of nonlinear transmission and of 

hysteresis in both transmission and reflection that were due to increasing 

absorption. The importance of this portion of the work is the demonstration that 

InSb is a good material for low-power nonlinear devices at temperatures 

substantially above 17K. the temperature at which it has previously been used. 

The second portion of the work presented two new devices based on 

bistable optical etalons. The concept of switching a nonlinear etalon by injecting 

a control beam through the edge of the etalon was discussed. and geometries for 

several devices based on this concept were described. Two of these devices were 

demonstrated in this study. In an etalon using a single control beam. both static 

de tuning of the etalon with a c.w. control beam and switching with a modulated 

control beam were shown. With the application of two separate control beams. 

the etalon acts as a two-input optical logic gate (2S0N gate). with different logic 
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functions available depending upon the initial detuning of the etalon and the 

power applied. Design features important for operating an array of 2S0N gates 

were considered. The investigation of new nonlinear optical devices, such as 

those presented in this second section, is a necessary step toward the development 

of all-optical information processing systems. 

Throughout the course of this investigation several questions were raised 

which were left largely unanswered because of inherent limitations on the 

duration and scope of the project. Some of these questions were sufficiently 

interesting to warrant brief discussion here, and are recommended for future 

inquiry. 

In measuring the nonlinear refraction at elevated temperatures the 

limitation of 182K was imposed by the lines available from the CO laser used. 

Longer wavelengths can be obtained by modifying the laser or using lead salt 

diode lasers, so that higher temperatures could be probed. The reduction in 

carrier lifetime for temperatures above 200K is expected to reduce the nonlinearity 

by an order of magnitude or more relative to that measured here. (Auger 

recombination above about 250K will be a more severe limitation.) Nevertheless, 

the nonlinearity will still be large in relation to most other materials. It would 

be particularly interesting to extend the present work up to--or perhaps beyond--

250K. 

As pointed out in chapter 3, explanation of the increasing absorption by 

means of free-carrier absorption, thermal shift of the absorption edge, and band

gap renormalization appears inadequate because of the speed of these effects and 

because of the magnitude of the first two. Each of these, however, is expected to 

play some role in the increasing absorption. A comprehensive analysis of the 
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possible mechanisms (which should include saturation of absorption due to state 

filling. since the hysteresis in transmission was observed above band-edge) has not 

yet been performed. If longitudinal inhomogeneities in the absorption can arise. 

they help to explain the observed behavior. Further characterization of the 

increasing absorption, particularly by probing the temporal behavior of the 

increasing absorption with laser pulses having various durations, should provide 

insight into the underlying mechanisms. 

It was mentioned in chapter 4 that in the 3-port clock (or its three

member ring analog) the control beam is more efficiently used when the face 

through which it would otherwise exit is highly reflecting, so that the control 

beam passes twice through the device. The further step of making the element 

an etalon in two perpendicular directions creates a coupled device that is subtly 

different from those that have previously been analyzed. While a single element 

coupled-cavity device suffers from the requirement of a long round trip time, the 

three-member ring analog again avoids this restriction. Analysis of the coupled

cavity form of these devices should prove to be an interesting topic for further 

study. 

In analyzing the nonlinear refraction the model n2I was used to describe 

the nonlinearity, where n2 was approximated by An/AI. This approach was taken 

for three reasons: the n2I model is commonly used, An/AI is the parameter of 

interest in operating a nonlinear etalon, and the measurements were made with a 

AI sufficient to give roughly the 1(/2 phase shift desired for a bistable device. 

Since the orientation of this work was toward development of nonlinear etalon 

devices, this model was quite useful in describing the measurements that were 

made. 
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A more detailed consideration shows that, strictly speaking, the n21 

model is not applicable to a semiconductor. It was noted in chapter 2 that 

(an/aN) is relatively constant so long as the number of charge carriers does not 

substantially fill the conduction band. Thus, the variation of the nonlinear 

refraction is due predominantly to the dependence of the carrier density upon 

intensity. For temperatures at which Auger recombination is significant the 

carrier concentration is proportional to the cube root of the intensity (equation 

(2.35», thus the n2I model is invalid. A similar difficulty is present at lower 

temperatures where radiative recombination is the dominant mechanism: the carrier 

density depends on the square root of the intensity. Differentiation of equation 

(2.32) produces 

an ar = 
rxr/hw (5.1 ) 

I + 

When the T in the denominator becomes negligible, which occurs under the 

experimental conditions (with Ne.o 9! 2 x 1014 cm-3 and r 9! 200 nsec) for 

rxI > 10 , then the variation of refractive index with intensity becomes 

(5.2) 

so that the nonlinearity has the form 
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L\n (5.3) 

Further experimental investigation into the behavior of the 'saturation' of the 

nonlinear index and the question of whether equation (5.3) can be accurately used 

to describe the behavior of the nonlinearity, is certainly warranted. 



APPENDIX A 

SAMPLE PREPARATION 

An integral part of this research project was the preparation of InSb 

samples for both the nonlinearity measurements and the device demonstrations. A 

large portion of the preparation was devoted to mechanical polishing to produce 

good quality surfaces. Although polishing is a well-developed craft, there is 

substantial variation in the treatment of different materials. I had to proceed in a 

piecemeal, trial-and-error fashion in acquiring the techniques and skill to produce 

samples of acceptable quality. Procedures for cleaning, polishing and mounting 

samples are listed below. Each procedure has proved adequate in many cases. 

None is perfect and all are open to improvement. 

A.I Preparing Polished Etalons From a Raw Wafer 

Step 0: Don't drop the samples. In all steps in which a bare sample is 

handled and moved, have the smallest possible vertical space below the sample, so 

that when the sample is accidentally dropped (which it will be), the chance of 

breaking it is reduced. When it is necessary to move a sample by picking it up 

with forceps, hold the palm of your hand under the sample. A preferred method 

is to place the sample on a supporting substrate (such as a microscope slide, razor 

blade, computer card, etc.) which can be more easily handled. 

Step I: Cutting wafer into suitable pieces. Sketch on the wafer with a 

pencil the desired cuts. Glue the wafer onto a glass substrate with Crystal bond 

wax. (The chief advantage of Crystal bond is that it dissolves in acetone, whereas 
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a convenient solvent was not identified for the other waxes that were tried.} 

Using the low-speed Isomet diamond wafering saw, cut through the wafer along 

the pencil lines, but don't cut through the glass. 

Step 2: Cleaning samples. Place the glass substrate on a hot plate and 

heat until the Crystal bond melts (roughly I 70 C). Carefully pull samples off of 

substrate, leaving behind as much wax as possible. (In any of the steps where 

the sample is removed from wax, it is helpful to place it on another heated glass 

flat for a minute so that wax on the sample melts off onto the glass.) Soak the 

samples in a beaker of acetone, which has the bottom covered with a gauze pad, 

to remove the wax. (It is much easier to remove a sample from the beaker 

when the sample is resting on gauze than when it is adhering to the bottom of 

the beaker.) All acetone baths should be tightly covered to prevent evaporation 

and to protect the work area from fumes. 

Step 3: Polishing block. The aluminum polishing block is cylindrical, 

roughly 20 mm thick and 32 mm diameter. (These dimensions are somewhat 

arbitrary.) The active surface of each block had been ground flat and coarse 

polished. Pieces of a glass slide are used as spacers to be mounted with the 

samples. The spacers should be of equal, measured thickness, larger than the 

samples. Place one or two samples near the center of the block, with several 

spacers surrounding them, akin to the arrangement of figure A.3. Place the block 

onto a hot plate and heat. 

Step 3 (a): Placement of polished samples. For samples that are already 

polished on one surface, use Crystal bond to glue a microscope cover slip to the 

polishing block. Proceed as above, placing the samples onto this cover slip. 

Samples that are metal coated on the polished face are treated the same way. 
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Step 4: Glueing sample onto block. Carefully place small pieces of 

Crystal bond around the samples and spacers on the heated block. Do not allow 

polished samples to slide, since this will damage the surface. The wax should 

run slightly until it fills all the spaces around the samples spacers. The edges of 

the sample must be completely covered by the wax to protect them during the 

polishing stages. Protecting the edges is especially important. During the 

polishing, chips are broken off from unprotected edges and dragged over the 

sample, gouging large scratches in the surface. Allowing the wax to extend over 

the sample edges, as shown in Figure A.I, is a simple way to provide protection. 

When the wax is fully applied, press down gently but firmly on each piece to 

squeeze out any wax beneath it and to seat it firmly on the block. 

Step 5: Cooling polishing block. Remove the polishing block and place 

it on an aluminum slab at room temperature to cool the wax quickly and safely. 

Do not chill the block on ice, or on a refrigerated aluminum slab, since this 

produces enough thermal shock to break the samples. 

Step 6: Calibrating thickness. Using a micrometer, measure the total 

thickness for each spacer. The block will not be perfectly plane-parallel, so make 

subsequent measurements at the same position. 

Step 7: Coarse grind. Mount 320 grit emory paper on a smooth metal 

plate. Using long strokes with even pressure, rub block along emory paper to 

grind away glass, wax and InSb. Continually rinse the paper with water to 

remove ground particles. Periodically check the thickness of spacers to ensure 

that they are being ground evenly. Adjust pressure if necessary to produce even 

grinding. The spacers must be ground to the same thickness to produce plane 
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Figure A.I. Placement of InSb and glass spacers on aluminum polishing block. 
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parallel samples. Grind until the samples (and spacers) are within 10 - 20 Ilm of 

desired final thickness. 

Step 8: Fine grind. Using 600 grit emory paper, repeat the procedures 

of step 7. Grind until the sample is within 2 - 3 Ilm of desired thickness. 

The largest scratches seen under a microscope should be on the order of 10 Ilm 

wide. 

Step 9: Coarse polish--12Ilm. Use a nylon polishing cloth mounted on 

polishing wheel. Wet cloth and add small amount of 12 Ilm slurry (alumina grit 

mixed with water, roughly 1:3 by volume). Use light pressure and even strokes 

as depicted in Figure A.2. Slightly rotate the sample block during each stroke to 

produce an even polish. Working with strokes that sweep the slurry toward the 

center of the pad reduces the rate at which it spills away. Pad should be kept 

quite damp by the addition of water or slurry. Rinse the pad after each sample 

is ground. Slowly rotate the pad during polishing to distribute the slurry evenly. 

This process takes roughly 10 - 20 minutes. Scratches which remain should be 

no larger than 3 - 5 Ilm. 

Step 9 (a): General caveats on polishing. Use a nylon cloth or a cloth 

polishing pad (e.g. Buehler Microcloth) mounted on a polishing wheel. Use a 

separate pad for each different grit size. Manual polishing produced superior 

results for all steps of the polishing process. Using a wheel mounted on a 

polishing machine allows the pad to be rotated slowly, allows water to be added 

easily, and provides a catch basin for used slurry. Keep the polishing pads 

covered when not in use; they should be kept as covered and contamination free 

as possible when polishing. Especially in the fine polishing, contamination of the 

pad or the polishing slurry with dust or larger grit will scratch the sample. 
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Figure A.2. Motion of polishing block on polishing pad. 
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Wear disposable gloves when polishing to reduce contamination. If at any point 

the surface becomes dili'ipled and "orange-peeled" in appearance, the sample has 

been overpolished, probably by excessive pressure. Increasing the grit by one or 

two sizes will remove the dimples. Manual polishing generally avoids orange

peeling. 

Step 10: Coarse polish--3 Ilm. Using 3 Ilm grit, repeat the procedures 

of step 9. This step will take 10 - 30 minutes, and remaining scratches should 

be only be - 2 Ilm. 

Step 11: Fine polish--1.0 Ilm. For the fine polishing steps use a cloth 

polishing pad. Using 1.0 Ilm grit (Linde C), follow the repeat procedures of step 

9. As the slurry becomes uniformly grey with InSb particles, change the slurry 

and rinse the pad. (Change it 3-4 times in 40 minutes.) Use very little pressure 

on the sample. Use a rich slurry for the fine polishing steps. The sample block 

has a tendency to 'grab' at the pad when one is polishing too fast and with too 

much pressure. This step will take 20 minutes to an hour. Periodically rinse 

the sample with water and inspect the progress of the polishing with a 

microscope. The surface will be shiny to the eye, but closer inspection will 

reveal a multitude of tiny scratches. These should be 0.5 Ilm or less. 

Step 12: Fine polish--0.3 Ilm. Using 0.3 Ilm grit (Linde A), repeat 

procedures of step 11. Scratches on sample should be reduced both in size and 

in number over step 11. This and step 13 can take over an hour. Patience is 

required. 

Step 13: Fine polish - -0.05 Ilm. Repeat step 12 with 0.05 Ilm grit 

(Linde B). The size and density of scratches should be negligible. A compromise 

must be struck between the ultimate surface quality, the quality required for the 
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wavelength at which the sample will be used, and the marginal utility of further 

polishing. 

Step 14 (a): Demounting thick samples. Heat the polishing block with a 

hot plate. Using forceps, carefully remove the samples and place on a heated 

glass slide. Allow most of the wax to melt onto the slide. Place sample into a 

beaker of acetone. Similarly clean the glass spacers so they can be measured to 

determine sample thickness. 

Step 14 (b): Demounting finished samples. Heat the polishing block on 

the hot plate. Scrape away any wax that can be easily removed from glass cover 

slip. Remove the cover slip from the block and place on gauze in a beaker of 

acetone. 

Step 15: Cleaning samples. Soak the samples in acetone for several 

hours to dissolve the Crystalbond. For those to be polished again, a further 

rinse in acetone is adequate. For completed samples, carefully remove the samples 

and spacers from the acetone (they should be free from the cover slip) and place 

on gauze in a second acetone bath. Soak in the second bath for a few hours, 

then rinse with acetone. Measure the spacers to determine sample thickness. 

Step 16: Storing samples. The preferred method for storing finished 

samples is to mount them on sample pads immediately after cleaning. Partially 

polished samples may be stored in small covered boxes, with the uncovered 

polished surface upward. Finished samples may be stored for several days on 

surgical gauze in the final acetone bath, or longer in a water bath. Do not store 

finished samples by placing them flat on dry lens paper or the like. 
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A.2 Polishing the edges of samples 

Step 1: Polishing jig. The polishing used to make 2S0N samples 

consisted of two thin aluminum polishing disks, one of which was cut in half 

along the diameter and machined smooth. This was only slightly thicker than the 

lateral dimensions of the sample. 

Step 2: Mounting sample. Attach the InSb sample to the edge of one 

semi-disk with the edge of the sample protruding slightly (a few lO's of microns) 

beyond the face of the semi-disk. Attach the two semi-disks to the other 

polishing disk so that the surfaces of the semi-disks are aligned and the sample is 

sandwiched between them. 

Step 3: Polishing. Follow the grinding, polishing and demounting 

procedures outlined in section A.l. 

These steps were used to polish the edges of the 2S0N samples. 

However, aluminum is not brittle and does not wear away during the polishing 

process as does glass or InSb. Adopting either of the following two 

improvements is recommended. 

Step I': Improved jig. The semi-disks should be made from glass. 

Slice an appropriate glass disk along its diameter using the low speed diamond 

wafering saw. 

Step 2': Improved mounting. With an all-aluminum jig, glue glass 

spacers onto the faces of the semi-disks as in section A.l, step 3. The result 

will be as illustrated in Figure A.3, where two samples are shown mounted 

between semi-disks with glass spacers. The edge of the sample should be flush 

with the spacers. 
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Figure A.3. InSb mounted in improved jig for polishing edges of sample. 
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A.3 Mounting samples 

Step I: Final cleaning. Take a sample that has been cleaned as indicated 

in section A.I. Place it on surgical gauze and rinse gently with methanol or 

ethanol. 

Step 2: Final rinse. Place the sample on dry gauze. Add a drop of 

ethanol or methanol. Gently blow away the drop with clean, dry air or 

nitrogen. The surface should be free of residue. Repeat with the second face. 

Step 3: Attachment to sample pad. Carefully place the sample on a 

prepared sample pad which has a small amount of Dow Corning 340 thermal 

grease spread on it. Press gently around the edges of the sample to achieve good 

adhesion. 

Step 4: Removal. If it is necessary to remove a sample from its 

mounting, the Dow Corning 340 may be dissolved with trichloroethylene. Soak 

the sample in trichloroethylene to remove any residual thermal grease. 

A.4 Preparation for Gold Coating 

Step 1: Basic cleaning. Samples may be gold coated after one face has 

been polished. They should be cleaned several times in acetone to remove all 

traces of wax. Samples thicker than about 200 J.Lm (thin samples are too fragile) 

may be cleaned briefly in an ultrasonic cleaner with an acetone bath. The 

ultrasonic cleaner should not be used with gold coated samples. since it will dislodge 

the gold. Samples originally packed in parafin oil (e.g. Cominco samples) may be 

cleaned in a similar manner using tetrachloroethylene or benzene. It is 

recommended to do at least three successive washings in fresh solvent. 
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Step 2: Final rinse. Rinse the sample in spectroscopic grade acetone. 

Any residue must be completely removed. 

Step 3: Dry. Carefully place the sample on clean lens tissue adjacent to 

a clean glass slide. Place a drop of fresh spectroscopic acetone on the sample 

and slowly draw across it (pulling toward the slide) a strip of clean lens tissue. 

The strip must be long enough to remove all the acetone and remain dry at the 

end. This provides final drying and removes any remaining residue from the 

surface. The sample must be uncontaminated for the gold to adhere to the 

surface. 

Step 4: Submit for coating. Place samples in a pre-cleaned rack, on 

which they can be placed in the coating chamber. Place the rack in a clean, 

covered box for uncontaminated transport to coating facility. 



APPENDIX B 

MAINTENANCE PROCEDURES FOR CO LASER 

Throughout the course of this project a substantial amount of time was 

spent in maintaining and improving the CO laser. The laser used had been 

designed and sold commercially as a C02 laser. It was custom modified by the 

addition of a mirror, a diffraction grating and Brewster windows for the 5.3 -

6.5 11m band. As the project progressed, these modifications were found to be 

insufficient to provide stable, reliable performance. Further alterations as well as 

several periodic maintenance procedures were required to obtain adequate 

performance from the laser. 

As purchased, the laser tube had two nickel hollow-cup electrodes 

separated by 130 cm. This was a flow-through system, with gas entering the 

laser tube through two entry ports adjacent to the electrodes, fed by a common 

supply line. Gas was exhausted from a port in the middle of the tube. The 

tube itself had three concentric chambers for lasing, coolant, and vacuum 

insulation, respectively. All gas supply was by means of tygon tubing. The 

power supply was current regulated, rated for a maximum of 30 rnA, and 

operating up to 18 KV. A safety circuit shut down the system when the voltage 

was drawn over 18 KV. 
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B.1 Initial Operation 

Unlike the C02 laser, which is very robust, the CO laser is extremely 

sensitive to contamination of the laser tube or the gas supply. The principal 

contaminant of concern is water vapor, since it absorbs strongly over the CO 

lasing band. Iron and nickel carbonyls were indicated by the manufacturer as 

two other impurities of concern. The presence of small amounts of contaminants 

in the laser tube will prevent lasing. At higher concentrations they will cause 

instability of the electrical discharge. During this project, it was twice necessary 

to start up the laser from a period of several months' exposure to atmosphere. 

(The second start-up followed repair of the tube made necessary when the helium 

supply bottle ran empty, drastically reducing the pressure in the tube and 

allowing a hole to burn through the glass envelope of one electrode.) 

Contaminants are assumed to have adsorbed on the laser tube and the gas supply 

lines, and probably to have reacted with the electrodes. Three to six months of 

attention was required before satisfactory laser performance was obtained. I have 

several recommendations for the start-up phase. 

(I) Initially align the laser cavity with a HeNe laser, then operate the 

tube as a C02 laser to adjust the alignment and ensure that lasing can occur. 

(2) Since water is a major contaminant in commercially available CO and 

C02, use a molecular sieve trap to filter out impurities. I used CO with 99.8% 

purity, 02 with 99.99% purity, He with 99.995% purity, and N2 with 99.9999%. 

These last two were easily and cheaply available, but such purity was probably 

not necessary. Helium obtained from Savage Welding (nominally 99.999% pure) 

was of low quality, causing electrical discharge instabilities and preventing lasing. 

Helium of purity 99.995% from Liquid Air of Tucson proved adequate. 
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Premixed gas obtained from Matheson Gas Co. was used on two occasions. This 

was adequate, but was much more expensive and less convenient than using 

several separate bottles. 

(3) The Tygon gas supply lines outgas under vacuum and tend to 

collapse, restricting gas flow. Replace them with rigid Polyflow tubing, which 

has a much lower vapor pressure than Tygon. Copper tubing may be used in 

the exhaust system if a few feet of Poly flow separates it from the electrical 

discharge. 

(4) The contaminants in the laser tube must be purged by pulling 

vacuum on the system for several weeks with a mechanical pump. Be sure that 

oil does not backstream into the laser. Close the valve between the laser and 

vacuum pump before shutting off the pump. Running an electrical arc in the 

tube was assumed to assist in cleaning out impurities. Various gas mixtures of 

helium, nitrogen and oxygen were tried. There was, however, no way to 

measure the effectiveness of this procedure. 

(5) Keep the vacuum pump operating continually. Once the laser is 

operational, if it is ever necessary to shut off the pump, slowly fill the laser to 

atmospheric pressure with pure nitrogen to prevent contamination. (Filling with 

too great a pressure may pop the Brewster window holders off the tube.) 

B.2 Dual Cathode Configuration 

As purchased, the laser had two electrodes placed at opposite ends of 

the tube. This created three problems. First, the electrical discharge frequently 

preferred to run in the gas supply line rather than through the laser tube. 

Second, part of the electric arc went to the aluminum Brewster window holders. 

Third, the voltage required for good performance was often close to the 18 KV 
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limit, so that any small electrical instability shut down the laser. After 

consultation with several people who were using, or had used, CO lasers, the 

electrodes were modified. 

The unanimous advice of those consulted was to use a central anode 

configuration for the CO laser. This would reduce the electrical path by half, 

lower the required voltage, increase the electrical stability and eliminate undesired 

arcing. In order to do this, the gas exhaust port in the middle of the tube was 

converted to a joint electrode/gas-exhaust port. Figure B.l indicates how this 

was accomplished. A bare copper wire was fed through a rubber stopper in a 

glass T -joint, up to the active lasing area, and terminated in a 1 cm loop forming 

the anode. (Prof. Rick Shoemaker of Optical Sciences recommended that the 

design of the cathode is important, but the anode design is much more flexible.) 

The gas was exhausted through the other two ports of the T -joint. The original 

electrodes were used as the dual cathodes, giving an electrode separation of 

approximately 65 cm. 

The two arms of the laser were not identical, however, so that had 

different electrical resistance. The electric discharge would often run in only one 

arm. To equalize the arms, several large resistors were put in series with the 

cathodes. The high voltage supply entered the center pole of a variable resistor 

(50Kn, 25W), which was used to balance the arms, then passed through three 

resistors (1 OOKn, 50W) to each cathode. The resistance was slightly different at 

each gas mixture; thus the discharge usually extinguished in one arm as the gas 

composition was brought to proper lasing mixture, even with the balancing 

resistors. Despite the manufacturer's recommendation to the contrary, the 

technique that proved successful was to supply all the gases in the proper mixture 
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Figure B.I. Cutaway view of laser tube showing installation of copper wire 
anode. 
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before igniting the electrical discharge. Once the proper setting of the variable 

resistor was selected, subsequent operation of the laser was initiated in several 

seconds. 

The proper gas mixture was crucial for successful operation. The partial 

pressures were measured with two gauges, the first (Wallace and Tiernan, mm 

mercury, absolute pressure) at the gas flow control panel, the second (Wallace and 

Tiernan, inches of water) only four to six feet from the inlets to the laser tube. 

Partial pressures are quoted for both gauges: helium to 10.15 inches (32.1 mm). 

add nitrogen to 11.8 inches (35.7 mm). add CO to 12.03 inches (36.25 mm). add 

02 to 12.07 inches (36.35 mm). There is substantial latitude on the helium and 

nitrogen concentration. The CO concentration can be varied by roughly a factor 

of four while maintaining lasing. but the acceptable 02 range is very small. 

When the laser was operated in modulated mode, with 27% duty cycle and full 

modulation. and with an operating current of 8.0 rnA. the required voltage 

without CO was 8.7 KV. The addition of CO raised this to roughly 9.5 - 10 

KV. depending on CO concentration. Typical operation in c.w. mode used 15.5 

rnA at 13.1 KV. Laser power and stability were best with a low current and 

high voltage. 

B.3 Cleaning the Laser Tube 

Occasional cleaning of the laser tube was required. This necessitated 

exposure of the tube to atmosphere, as well as the delicate operation of removing 

the tube from the laser bed. I cleaned the tube twice in the three years of this 

project--once when the coolant jacket required cleaning. and again when the tube 

was removed for repair. 
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During the first year of operation. the coolant jacket became clogged 

with lumps of congealed ethylene glycol. (The coolant consisted of equal parts 

by volume of distilled water and ethylene glycol--commercial antifreeze grade.) 

These lumps were cleaned out by inserting a thin tygon tube into the coolant 

jacket. running water through the tygon into the jacket at high pressure. and 

flushing them away. 

The laser bore itself was cleaned by rinsing with spectroscopic grade 

acetone. Carbon deposits that builds up around the electrodes may be carefully 

removed by wiping with clean cotton swabs and spectroscopic acetone. Carbon 

can also be burned away by running an electrical discharge in the tube while 

supplying only oxygen. (Irving Bigio at Los Alamos informed me that he ran his 

CO laser without oxygen. which caused heavy carbon build-up so that carbon 

was flaking off the electrodes in large chunks. However. he reported no 

degredation in laser performance due to the carbon deposits.) 

During laser operation. nickel from the cathodes was sputtered onto the 

laser bore. This can not be removed by acetone rinse or wiping with cotton 

swabs. I have no evidence to indicate that this is detrimental to the laser. It 

does. however. require that the electrodes be replaced every couple of years. 

B.4 Alignment of the Diffraction Grating 

Once the laser is operated with two mirrors. it is necessary to replace 

the rear mirror with a diffraction grating to achieve single-line operation. 

Beginning with the aligned cavity. the following steps are used to install and align 

the grating. The major drawback to this method is that the grating is installed 

facing upward. leaving it vulnerable to dust. Thus. extra effort must be made to 
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seal the laser bed to prevent dust from entering and being burned onto the 

grating. 

Step 1. Align the beam of a HeNe laser down the bore of the CO 

laser. (This takes practice, but it is an important step. Use a pair of beam 

steering mirrors, one of which can be translated normal to its face. In this 

manner the direction and position of the HeNe beam can be adjusted 

independently. Replacing the Brewster windows with alignment pinholes assists in 

HeNe alignment, but this requires breaking vacuum on the laser--something I am 

loath to do if it can be avoided. Using a pair of computer cards with 

appropriate pinholes poked in them is satisfactory.) 

Step 2. Remove the rear mirror and replace it with the diffraction 

grating. Align the grating approximately by eye. The grating must face upward. 

The diffracted spots from the HeNe laser will create a set of spots on the wall 

and ceiling. These spots are used for alignment. 

Step 3. Tilt the grating about its horizontal axis. Track one HeNe spot 

as it moves up the wall and across the ceiling. Mark the line traced by that the 

spot. (A piece of string secured at both ends works well.) 

Step 4. Rotate the grating about the axis of the laser until the set of 

HeNe spots is parallel to the line marked in step 3. 

Step 5. Using the micrometer adjustment, tilt the grating about the 

vertical axis until the line described by the HeNe spots intersects the axis of the 

laser. 

Step 6. Tilt the grating about the horizontal axis to make sure that all 

HeNe spots trace out the same line. If they do not, then repeat steps 3 - 6. 
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Step 7. Rotate the front Brewster window about the axis of the laser 

until its HeNe reflection lies on the same line as the spots from the grating. 

Step 8. Tilt the grating until a HeNe spot reflects off the back Brewster 

window and onto the wall or ceiling. Adjust the window until this reflection 

lies on the same line as the spots from the grating. 
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