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Introduction

Measurements were made of regenerative amplification in two configurations: a

close-coupled oscillator/amplifier configuration and a weak-coupled configuration. The

close-coupled configuration consisted of a laser and amplifier region on the same

substrate, the regions being defined by a cleave in the laser chip. The weak-coupled

configuration consisted of a laser whose output is reflected back into an amplifying

poe'tion of the same device. In each of these cases, qualitative agreement could be made

with laser amplifier theory in the strong signal and weak signal cases, when regeneration

is included. The largest value of gain measured in these experiments was 170.

Practical uses of laser amplifiers will most likely be in neither the strong signal

regime nor the weak signal regime, but in an intermediate regime where gains are the

largest. In this intermediate regime, it is necessary to take into account both regen-

eration and saturation of the gain. It is proposed to continue the theoretical and experi-

mental studies to include this regime.

An important consideration is the high frequency response of the amplifier. Pre-

liminary measurements were inhibited by capacitance effects and cross-talk between the

laser and amplifier. Fast-response can be deduced, however, from the fact that when

pulsed, ripples in the optical output were reproduced by the amplifier at speeds up to our

detection limit of 10 nsec. It is proposed in the next part of the study to purposely

modulate the laser and measure the amplification as a function of modulation speed.
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Theory of Travelling Wave Amplifiers

The theoretical approach we follow is to consider first the travelling wave ampli-

fier, and then add regeneration by considering multiple reflections from the mirrors.

The theory of the travelling wave amplifier is based on the rate equations for the

conservation of electrical carriers and light intensity. Changes in the light intensity are

caused by the emission or absorption of light, while the changes in the carrier density are

due to carrier injection, spontaneous emission, and stimulated emission or absorption.

These mechanisms lead to the following equations:

81I 1 8I
a- + - al g(N) 1 (1)at v at

8N - I g(N) I (2)
a t 7r

where I is the light intensity in the mode of interest, v is the velocity of light in the

medium, N is the population density of excited carriers, 7- is their relaxation time, and S

is the injection rate. The gain (or absorption) depends, in general, on the number of

carriers present in the active layer. The exact form will depend on the model assumed

for the laser. Finally, the injection rate is related to the injected current density, J, by

S = J ?7 /ed (4)

where 77 is the internal quantum efficiency, e is the electronic charge, and d is the

active layer thickness.

A steady state analysis is used to simplify equations (1) and (2). This assumption

is valid for DC amplification or for pulsed amplification when the pulse length is much
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longer than the relaxation time of the carriers (-lns). Assuming steady state, equations

(1) and (2) respectively become

1 g(N)I (5)

N= s - g(N) 1. (6)

These two equations are coupled through the dependence of the gain, g, on the carrier

density, N. Without making specific assumptions as to the form of the gain, these two

equations can be combined into a single non-linear differential equation, which can be

solved for specific models of the dependence of gain on the carrier density. Equation 6

can be rewritten as

- S- N/-r

g(N)

differentiated with respect to z, and inserted into the left hand side of equation 5. The

following general non-linear differential equation is obtained:

N- g (N)/- + (S - N/7-) + g 2 (N) (S - N/r)=O (7)z () I aN I

Let us now make specific assumptions as to the form of g (N). The simplest model

of the GaAs laser is a two-level model in which the valence and conduction bands repre-

sent the two levels. In this model there is no saturation, and

g = go (41s
where N is the carrier density at which the material becomes transparent. A more

accurate model of the semiconducter laser, however, includes the fact that the bands are

broad and are described by densities of state. This means that gain occurs most strongly
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for carriers nearest the bandedge. This means that relaxation of carriers from deeper in

the band to the band edge must be included in the laser model. This relaxation will have

a characteristic time and will result in saturation of the number of possible carriers in

the excited state. This is expressed in a heuristic fashion by writing

g (N) = g (FT - 1(8)V
0 (+ N

where Ns is the saturation density (the number of carriers required to equalize the

population densities in the upper and lower states). The weak signal absorption coeffi-

cient, go, and the parameter y are quantities determined from absorption measure-

m ents.

Using this form for the gain, we can rewrite equation 7 as

N . (a - 2bN N - bN 2 ) + go(N-N) 2(S-N/r) 0 (9)2z s0

where a =S (1 + ) N + N 2/7 and b = Y/7. In principle, this equation can be
s  s

integrated, the proper boundary conditions applied, and the behavior of a travelling wave

amplifier can be determined. For the purpose of this report we shall consider analytic

solutions under two conditions, the large signal and small signal limits. The intermediate

regime will be the subject of next year's work.

Two simple cases in which the amplifier behavior can be derived analytically are

cases in which the gain in the amplifier is a constant. This occurs when the carrier

density is independent of position. In such cases, referring to equation 7, either the gain

coefficient, g, is zero, or S = N/ r. These two cases correspond to the large and small

signal limits respectively. Referring to equation (6), the small signal limit implies that

S >> g (N) I. This means that the injection rate of carriers is much larger than the

change in carrier density due to absorption or emission. Hence, the incident light is
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small. This small signal regime will be discussed first. The other case in which the

amplifier is transparent is when g(N) = 0. For the form of the gain assumed here, this

means that N = Ns . In this strong signal regime, the number of carriers in the upper

and lower states are equal. The large signal means that the increase in the number of

carriers due to current injection is insignificant compared to the changes caused by the

absorption and emission of light. Since the rate of absorption and emission will be equal,

the gain coefficient is zero. This large signal regime will be discussed second.

In these two regimes gain is independent of position and regeneration can be

included easily. The theory of regenerative amplifiers will be included in the next sec-

tion.

The small signal limit corresponds to the case in which the rate of change of

carriers is dominated by the injection rate so that the change due to stimulated emission

can be neglected. In this case gI is much less than S and equation (6) becomes N = S 7".

From equation (5), with g (N) equal to a constant g(S 7"), the intensity is given by

In (I/I) = (S z . (10)

The intensity grows exponentially with distance.

For the saturable two-level laser model, with a gain given by equation (8), the

intensity of an amplifier of length L is determined by

S'r- N
In (I/I ) g L  S " N )

o YST S

Since S is dependent on current, it can be seen that the intensity coming out a fixed

length amplifier grows exoonentially with current until saturation is reached, at which

ooint the gain tends to a constant value given by goL/ Y.
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The other limit which can be solved analytically is the large signal limit, where

N = Ns and the two levels are driven to have equal populations. In this case, equations

6 and 5 can be combined to yield

a = S - N s.

Direct integration gives a linear growth with length:

I (S- N/)z + I0. (12)

It can be seen that in the large signal limit, for an amplifier with a fixed length, the light

out is equal to the light in plus an additional contribution which is linearly proportional

to current. To compare experiment with theory in the large signal limit, it will be of

interest to look at the difference between the input and output signals rather than the

ratio of incident to output sigiials, which was the relevant parameter in the small signal

limit. If the gain is defined as the ratio of the output to the input signals, it can be

written as:

G = I/I ° = (S-Ns /r)L/I ° + 1 (13)

In the limit of a very large input signal, the gain is one and there is no amplification.

The amolifier is transparent. Measurements of amplification in the double hetero-

structure lasers will be compared to each of these two limits.

Theory of Regnerative Amplifiers

In order to consider the effects of regeneration, in an exact model, one must

generalize the conservation equations and use Maxwell's equations with a non-linear

polarizability, which expresses the relationship between the carriers and the electro-

magnetic field, rather than the intensity. One then gets a non-linear electromagnetic
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wave equation. However, this equation is , isily solvable only in cases where the gain is

constant over the length of the amplifier. When this is the case, the regenerative

amplifier can also be calculated by considering successive bounces of a travellirg wave.

This has been done, for example, in the book by Siegman.

When the laser signal which is to be amplified is a single mode, it is important to

include the possibility that the resonance frequency of the amplifier does not match the

laser frequency. This leads to an equation for the transmitted intensity I in terms of the

incident intensity I given by

I T l T 2 G (14)
o (1 -RG) 2  + 4 GR sin (k0nL)

2 7r 2TVwhere k 2 2 and V is the laser frequency.

L is the distance between amplifier mirrors, T1 = I - R1 , T = - R2 , where R 1 and

R, are the reflectivities of the two mirrors of the regenerative amplifier, not necessar-
9

ity equal; R R[R9 and G is the single pass gain of the amplifier.

When the incident light signal is not monochromatic, this expression must be

integrated over the frequency dependence of the incident signal. In particular, the

transmitted signal will he given by

1 f T1 T 2 GI = - I 1V) (IV. (15)

T 2 A v (I - RG)2 + 4GR sin 2 (2 7vnL) o "
000

C

This assumes that the detector integrates over a bandwith Av which is much larger than

the spectrum of the laser input. In general, G is a function of frequency through its

dependence on I .

In the cracked-substrate experiments, the laser signal could not be resolved into

individual modes, even with narrow slits in the monochromutor. This is presumably due

It



to the fact of heating in the junction during the laser pulse. As a result, the laser signal

was broader than the resonances of the amplifier, and it is necessary to perform the

integration of equation 15. For this purpose it is sufficient to assume that the laser

signal is constant over its linewidth and zero elsewhere. The gain is considered to be

independent of frequency within the laser linewidth, and the integration is taken over

several amplifier resonance periods. This leads to the following expressions for the

transmission of the regenerative amplifier, depending on whether the amplifier is in the

weak or strong signal regime. The results are: Small signal limit:

gL

1 T2 e

Large signal limit:

I= I1Q -R)/(l +R) + l+R - 4 (17)0 ~ (1 + R) 2

where

R =-R 1 RR2

S = J 77 /ed

g = g (S -r)= (Sr/Ns ) g o .

The difference between the travelling wave amplifier and the regenerative ampli-

fier in the small signal limit (when the gain coefficient, g, is small) is a factor, T1 T2 .

However, when the gain coefficient is not small and the amplifier aporoaches resonance

(the lasing threshold), the regenerative amplifier output rises much faster with input

intensity th..n the exponential curve of the travelling wave model.

In the strong signal regime, the functional form of the amplifier intensity is the

same for both the travelling wave model and the regenerative amplifier model. Both are
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linear with the injected current and the amplifier length. However, the regenerative

amplifier equation has an additional factor due to reflectances off the amplifier ends.

For a GaAs diode, this factor is 1.8.

The intensity out of the amplifier for a small injection rate, S, in the small signal

limit, is exponential with length and current. However, as the injection rate, S, becomes

larger, regeneration becomes more important. From the form of equation 16, we can

determine how close to threshold one can operate before the affects of regeneration

become important. Assuming the gain is a linear function of current,

(J - Jth)

g gth Jth + gth (18)

At threshold,

L =-InR (19)

The conditions for requiring the inclusion of regeneration are that RexpgL - 1.
Using (18), this becomes Rexp(gthL(J - )ex - 1. From (19), we have

exp (gthL(J-Jth)/Jth) -1. This condition reduces to gthL (J - Jth)/Jth - 1 or to

W - Jth)/Jth) (-InR)-1. In other words, only when the amplifier current is near its

threshold value, must regeneration be included.

Cracked Substrate Lasers

The cracked substrate laser is a laser closely coupled to an amplifier, fabricated

by the cracked-substrate technique, described below. The device geometry is shown in

Fig. la. This technique has the advantage of not requiring coreful alignment between

separate lasers and amplifiers, and makes it possible to obtain results conveniently.

Later experiments will include a third region between the laser and amplifier, Fig. lb.
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AMPLIFIER LSR

~CRACKED SUBSTRATE

/0-'NVARIABLE 2

CRACKED SUBSTRATE

Fig. 1 Geometry of cracked substrate lasers. The chip is mounted
with indium solder on a flexible gold plate and a cleave is
introduced to separate the laser and amplifier regions. In
Fig. lb, a third region is introduced, which acts as a variable
attenuator.
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By applying a current to this intermediate region to change it from an absorbing region

to transparent region, the coupling between the laser and amplifier can be varied. This

device is also a model for the integrated DBR laser-amplifier structures which will be

measured later in the contract.

The cracked substrate introduces a reflective plane into an integrated optics

circuit and makes it possible for one region of a GaAs heterostructure wafer to be used

as a laser while the remaining portion can be used for the functions. In this work we use

devices which have only a laser and amplifier regions. The continuation of the effort

will include a central absorbing (or transparent) region which will allow us to vary the

coupling between the amplifier and the laser.

The cracked substrate devices are made by mounting a cleaved laser diode, which

is twice as long and three times as wide as the usual geometry to produce single lasers.

These diodes have stripe geometry contacts formed by pulse plating techniques. These

large diodes are mounted by Indium solder onto a flexible, gold coated plate, typically 5

mm x 5 mm. A diamond scribe is used to create a nick at the position where a cleave is

desired. The plate is then bent slightly and a cleave propagates from the nick. The yield

of this process is typically 50%. The reason for using diodes which are wide is to ensure

that a good quality cleavage plane develops; it has been found that it takes a few

hundred microns of propagation before the crack becomes a good cleavage plane. These

gold covered plates are mounted to T05 cans and bonded in the usual fashion.

The amplification was measured by monitoring the signal out the amplifier region

as a function of current applied to either the laser or amplifier segments. The light was

monitored through a monochromator to ensure that only the laser light was observed and

to eliminate spurious spontaneous emission from the amplifier.
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Typical data are shown in Fig. 2. The light out the amplifying region was mea-

sured while keeping the amplifier voltage constant and varying the laser voltage. The

increase in signal for an applied amplifier voltage represents the amplification of the

device. Device L7C20 operated in the strong signal limit, as demonstrated by plotting

the light out on a linear plot as a function of amplifier voltage (current); this is shown in

Fig. 3. It can be seen that the light out is a linear function of amplifier voltage, and that

the intercept is a linear function of laser voltage (and presumably of incident light

intensity). This is in excellent qualititative agreement with the theoretical equation 17.

We shall now use the theory to obtain approximate numbers for the laser parameters to

demonstrate numerical agreement between experiment and theory.

Note from equations (4) and (17) that

I/aJ = 7 L 11 + R'/ed (20)

It was necessary experimentally to calibrate the photodetector so that al/ aJ could be

expressed in the proper units. Measurements were made on the laser amplifier through a

nonochromator with a photomultiolier. Calibration of this detector was made by

comparing this signal to that of a photodiode, which was in turn calibrated with an
0

energy meter using a ew Krypton laser source at 7880A. The experimentally determined

calibration was that I mW of power corresponded to 60 mV signal on the photomultiplier.

This means that power P could be expressed as VPM, voltage monitored on the

photomultiplier, by the expression

P = CVPM (21)

where C = 0.017 mW/mV.

The light power is related to the intensity, in photons per cm 2 per second, by the expres-

sion

I = P/wdhv, (22)
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600 L 7C20
1.2A = AMPLIFIER

~500AMLFE

LU

0-8

~400026

cL300

C

~200

0
0.0 0.25 0.5 0.75 1.0 1.25

LASER CURRENT (Amps)
Fig. 2 Light emitted from the amplifier portion of the cracked substrate

device as a function of current rcpplied to the laser portion of the

chip. Data for various amnplifier currents are shown.
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where w is the width of the laser stripe and d is the thickness of the active laser layer.

The current density is related to the total current in amps, A, by

J = A/wL (23)

where L is the length of the laser. Combining these three equations with equation 20,

one obtains the equation which can be compared to the experimental curves:

dVPM hv (1_ - R 2(

dA Ce (1 + R (

Inserting the appropriate numbers, (R 2 = 0.1), and assuming ?7 = 0.5 (appendix I), the

theoretical estimate for the slope of the photomultiplier signal with amplifier current is

dVPM

dA = 34. (23)

The experimental slope, determined from Fig. 3, is

dV Pd - 52.
dA

Given the uncertainty of the calibration of the photomultiplier, we consider this excel-

lent agreement.

We see experiment and theory agree for the slope shown in Fig. 3. It can also be

seen that when the incident laser power is reduced, the theory is no longer completely

valid and the slope changes. That is, the large signal limit no longer applies. The inter-

cept gives information as to the absorption of the device, if the incident light level is

known. The intercept is a measured point; the light level measured with the amplifier

turned off. This is equal to the incident light level minus the saturated absorption:

1= - (N I+) L (24)
0 ( + R)2  (
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We are not able to get useful information out of this because we were not able to make a

separate measurement cf Io. Although we could measure the light intensity coming out

the other end of the laser, we did not know what the incident intensity was at the crack

interface, and so we did not know what fraction of that intensity was coupled into the

laser. The fact that the intercepts are equally spaced as a function of laser voltage is

due to the fact that at these operating voltages, the laser intensity is indeed a linear

function of voltage. This can be seen in Fig. 3, with the amplifier off.

It can be seen that the actual gain in the large signal regime is very small. The

measured gain was roughly 1.1. Clearly the amplifier used under such a situation is an

excellent optical limiter, but a poor amplifier. The small signal limit in this device

occurred right at laser threshold and was very difficult to measure since it was swamped

by fluctuations in the laser output.

We were able to use the cracked substrate geometry to look at small gains by

observing the frequency dependence of the gain. We chose a device which had different

oscillation frequencies in the laser and amplification portions, measured when each was

separately excited.

It can be seen from equation 6 that the strong signal regime occurs when gI is

much larger than S. To leave this limit and go into the regime where gl <<S, one can

either decrease the light intensity or decrease the gain. By using a laser signal incident

on an amplifier whose peak amplification is at a different wavelength, g can be made

small enough that the weak signal limit is valid. We did, indeed, observe the exponential

gain with current predicted by equation (11) for small signals.

Data was taken at a fixed laser current, above threshold. The amplifier output

was measured as a function of amplifier current at both the wavelength of the peak

20



amplifier gain and at the wavelength of the laser frequency. The data is shown in Fig.
0 0

4. The weak signal case is at 8729A, and the strong signal case is at 8768A, at which

frequency the amplifier could oscillate. The weak signal data has been fit by two curves,

shown in Fig. 5. The solid curve is the regenerative amplifier fit from equation 16, while

the dotted curve is the exponential fit of the travelling wave amplifier (equation 11).

The better fit by the regenerative amplifier model is easily seen. From this fit, the

small signal absorption coefficient of the unpumped amplifier, of, = -go, can be

determined to be 14 cm - I . This value is comparable to those published* and indicates

that we have good agreement between experiment and theory for the regenerative

amplifier in the small signal limit.

Further comparison between experiments and theory can be made by considering

the order of magnitude of the saturation density, Ns . From the fit to equation 14,

gL = 1.14 i, (25)

where i is the applied amplifier current. Using equation 8 in the small signal limit

1.14 = e-- 7s  (26)

Ford z 0.26 pum, w = 47 pim, r7= 0.5

3 x 10 2  m se e - .  (27)

For a relaxation time, 7" = ins, the saturation density is

N ,i0 1 7  - 3  (28)

Thompson, etal. JAP 27 (4) p.1501 (April 1976)
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Fig. 4 Light emitted from the amplifier region of device L7CZ1 as a
function of amplifier current, for a fixed laser current. The
signal was measured through a monochromator set at two
different frequencies.
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This density is comparable to the doping density of the active layer and lends confidence

to our interpretation.

An additional comparison between the experimental curve and the theoretically

predicted curve can be made in terms of the amplifier threshold. In the small signal

limit, the gain is

SR
go i). (29)

5

When no current is injected (S = 0), the gain is negative and the amplifier is absorbing.

The gain is

g(S = 0) = -go" (30)

As the injected current is increased, the gain (or absorption) goes to zero and the ampli-

fier becomes transparent. When the amplifier is transparent, the injection rate is

So = Nsr. (31)

Combining equations 29, 30, and 31

S -- . (32)
0

Because the injection rate is proportional to the injected current, the Gain can be written

With the experimental setup, the current at which the amplifier becomes transparent, Jo

can not be determined since there was no way to monitor the light incident to the

amplifier. However, the current resulting in transparency can be related to the current

at the lasing threshold. The lasing threshold occurs when

gth L - InR. (04)
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Substituting this equation into equation 24, Jo can be related to Jth:
0Jth

Jo - th (35)

aL

Rewriting the gain in terms of the threshold current,

gL - (2L - InR) - aL. (36)
th

Using a measured value for the threshold current this equation can be compared with

theory. For o = 14 cm - I, L = n.043 cm, R = 0.32, and a threshold current of 1.1

amps, we obtain

gL = 1.5 i - 0.60

where i is the applied amplifier current. The coefficient for the amplifier current, 1.5,

is in good agreement with the experimentally measured value of 1.14. Again we have

demonstrated that the small signal regime is understood theoretically.

Since the signal from a regenative amplifier can be large even in the absence of

laser input, it is important to define the gain properly. Amplifier gain is determined

from the signal of the amplified laser minus the signal from the amplifier with the laser

off (to eliminate any amplified spontaneous emission in the amplifier) normalized to the

incident laser signal. Plots of this are shown in Fig. 6. This data shows the proper

exponential dependence on current and agrees with theory for currents below the lasing

threshold. The peak gain, at just below threshold, is about five.

This presentation of the data enhances the anomaly around 1.2 V. At this current,
0

the amplifier gain at 8729A starts to become super-linear. However, at a slightly larger
0

current, another frequency with a larger gain, 8768A, begins to lase and, in the
0

competition for carriers, quenches the oscillation at 8729A. It is only at larger currents,
0 0

when the gain at 8768A saturates, that the line at 8729A begins to lase.
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amplifier, divided by the signal with current applied only to the laser.
This is the weak signal case at 8729R.

26



The data at 8768A shown in Fig. 4 are better fit by a coupled oscillator model

than by the theory of regenerative amplification. Regeneration plays a dominant role in

this device, since it can be observed that the amplifier begins to lase. In fact, the

threshold of the amplifier is lowered by the presence of the laser light. It is in this

oscillation regime that high gains are observed. The amplifier gain is defined as

PAL - A
P L

where PAL is the signal measured with both the laser and amplifier operating, PA is the

signal coming from the amplifier in the absence of any incident laser signal, and PL is

the signal coming from the laser, as measured through the amplifier with no signal

applied to the amplifier. The measured data is shown in Fig. 7. It can be seen that the

gain is very large at a particular operating region, just below oscillation threshold for the

amplifier (0.9 amps in the absence of laser input). The presence of laser light appears to

cause the amplifier to oscillate at the lower current of 0.75 amps and the gain gets very

large. This is the regime that needs more study to obtain information as to the high

speed frequency response of this region, as well as its ability to maintain the phase of a

signal. But whether this is true oscillation or very large amplification remains subject

for study. In this mode of operation it can be seen that the gain can reach 170. More

experiments are underway.

Comparison with theory requires the study of coupled oscillators a model in which

the amplifier is above oscillation threshold. The way in which the two oscillators are

coupled can be seen from plotting the threshold for oscillation of the coupled laser-

amplifier system as a function of the laser current and the amplifier current. This is

shown in Fig. 8. It can be seen that the presence of some currint in the amplifier has R,

slight affect on the laser threshold, decreasing it somewhat. However, it can be seen

that the presence of current in the laser region has a strong affect on the amplifier
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threshold. If there were no interaction between the laser and amplifier, the threshold

current should be constant. If the laser-amplifier acted as a single laser, however,the

curve should be a straight line. The experimental curve shows that the light from a

neighboring oscillator causes an effective lowering of the threshold. This phenomenon

will be investigated more closely in the future.

Self-amplification

The possibility of using a laser below threshold as a regenerative amplifier is

attractive for applications in optical communications and integrated optical circuits.

Most of the previous work was done with homostructure lasers, (1) with the exception of

Schicketanz and Zeidler. ( 2 ) Because of the multimode spectrum of many typical lasers

and the difficulty of obtaining a frequency match between two individual lasers, we

looked at laser amplification of its own light. In order to separate the amplified signal

from the laser signal, we rotated polarization of the TE laser output before feeding it

back into the active region, creating aTM polarized amplified signal. This allows a

measurement of not only gains but also spatial variations of the gain. This method

provides a more sensitive technique in measuring gain profiles than other techniques

which look directly at the spontaneous emission.

The experimental set-up is shown in Fig. 9. Light emitted from face A of the

diode is collimated, reflected off a mirror and refocused into the gain region at face A.

This signal is amplified in the laser, emitted out face B, collected and focused onto the

slit of a monochromator, and monitored by the photomultiplier tube (PMT). Two lenses

instead of one are used in the feedback system to facilitate the positioning of the

feedback signal. To focus the feedback signal back into the diode, the feedback mirror is

placed at the image plane of the lens B. To distinguish the amplified light from the

unamplified forward traveling light, a Fresnel rhomb was inserted into the feedback
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system at the image plane of the microscope objective to rotate the feedback

polarization by 900. Since the laser lases with a TE polarization, the double pass through

the Fresnel rhomb results in amplified light with a TM polarization. A linear polarizer

differentiated the amplified TM signal from the forward traveling TE signal. A

monochromator (1/4m Jarrell-Ash) was used in a wide-band mode to filter out the

fluorescence from the signal. A 50 lim entrance slit was used to provide spatial
0

resolution, while no exit slit was used, resulting in a resolution of 200 A. The

monochromator was tuned to the lasing wavelength.

The laser-amplifier was a DH GaAs diode with an active layer whose estimated

thickness was about 0.2 /pm. The laser was pulsed with a 100 ns pulse at a 100 HZ. The

laser had a broad area contact (as opposed to a striped contact), although it had only a

single lasing filament at the currents used. The total FWHM linewidth of the laser was
0

12 A at 1.06 J Due to line broadening, the individual longitudinal modes could not be
t

resolved by the monochromator when narrower slits were used (the resolution was 0.8 A).

Two sets of measurements were made; the first being a scan of the TM gain

profile, and the second being the amplified signal as a function of current. The gain

profile was measured by translating the laser diode so as to direct the feedback signal

into different regions of the P-N junction. The position of the amplified signal was

maintained by appropriately translating the lens so that the signal could always be

monitored by the PMT.

At the position of maximum gain, the current was varied to measure the

amplification as a function of current Because the laser output as well as the

amplification varied with current, the TE forward travelling laser pulse was measured

and used to normalize the amplified TM pulse. To separate the light coming directly off

the front of the diode from the amplified light, both the TE and TM signals were
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monitored with the feedback signal blocked and not blocked. By taking the appropriate

sums and differences, the light from the front face and back face can be determined.

Gain Profile

A gain profile can be made directly by observing the spontaneous emission from

the laser diode with a scanning detector. However, for weak gains, the signal is often

obscured by the background noise. By using a probe beam and looking for amplification

or attenuation, a more sensitive method is obtained for profiling diodes. Gain profiles

are shown in Fig. 10 for different currents. The region over which gain is observed is

broad, about 200 um wide, and is offset in position from the lasing filament. Fig. 11

shows the position of the gain relative to the lasing filament. The vertical scale of the

amplified signal is different from the vertical scale of the lasing filament so that no

comparisons should be made of their relative strengths. There are two points of interest

in Fig. 11. First, the maximum gain is not in the lasing filament but in a region

corresponding to weak unpolarized spontaneous emission. Second, no gain is observed in

the lasing filament.

The region of gain corresponds to a region of current injection below the threshold

current. This region of current injection can be determined directly by observing the

region of spontaneous emission. Fig. 11 shows the unpolarized spontaneous emission

barely discernible above the background noise. A more sensitive technique is to probe

the region of interest with a weak signal and look for amplification. In contrast to the

weak direct signal is the amplified signal which clearly stands out above the noise.

Because the amplified signal is dependent upon the current, this method provides a

sensitive means to profile the current distribution. And, in turn, the nonuniformity of

the wafer structure can be determined from the current distribution.

33



I C=

co 0-

n . 0

cy C= F:

344



cr-4

LU

LU

LU LIU ~

00

353



An irregularity about 100 gum from the lasing filament is seen in the gain profile

of Fig. 10 for currents greater than 1.48 amps. There are several possible explanations

for this irregularity: 1) there may be an irregularity at the cleave surface, resulting in a

lower transmission of the feedback signal, or 2) a bulk irregularity creating a local

hotspot of current injection. The first reason could be caused by a bad cleave or a speck

of dirt on the cleaved facet. However, this would result in a profile shape that is

independent of the injected current. Since the irregularity is not seen for currents less

than 1.44A and has a signal about half that of the maxmimum signal for currents greater

than 1.44A, the first reason is not plausible. The second reason, a bulk irregularity, is a

more probable cause. Due to irregularities in the bulk, local heating occurs which

changes the current distribution. As the injected current is increased, the local heating

effect is enhanced. This would result in a region of enhanced gain.

The lack of TMI gain in the lasing filament can be explained by the TE polarization

preference of the laser. Gain depends upon the absorption and re-emission of the input

signal. Because absorption and emission are polarization dependent, only those carriers

interacting with a photon whose polarization is the same as the input signal will

contribute to the gain. qince the indigenous TE laser signal is much stronger than the

injected T%7 signal and the number of carriers is finite, most of the carriers provide gain

for the laser (TE). The remaining carriers provide gain for the injected TM signal but are

not sufficient in number to produce a noticeable gain. If a noticeable gain for the TM

signal were observed, a subsequent quenching of the laser signal would be observed. No

quenching of the TE laser signal was observed when the TM signal was injected. Thus, in

the case observed, the TE mode was dominant in the competition for carriers. Outside

the lasing filament, this TE mode bias does not exist. The indigenous light outside the

lasing filament is due to spontaneous emission and is not polarized. Hence, an input

s inal of any polarization can be amplified.
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Gain Measurements

The unamplified laser signal from face B is the TE signal with the feedback

blocked, TEB, while the amplified signal from face B is the difference between the TM

signal with feedback and with the feedback blocked, TM-TMB. Both the unamplified

laser signal and the amplified laser signal are shown in Fig. 12 as a function of the

driving current. Because the input signal to the amplifier is proportional to the

unamplified laser signal, the ratio between the amplified laser signal and the unamplified

laser signal is proportional to the gain of the amplifier,

c ; 4 TM - TMB (37)

TEB

where

4 proportionality constant

- coupling efficiency

The proportionality constant, 4 , is a result of losses in the feedback system. The

relative gain, G/4 , is shown in Fig. 13.

WEAK SIGNAL

The gain curve in Fig. 13 can be modelled by a weak signal regenerative amplifier

for currents less than 1.52A. In this case, the gain curve is essentially exponential until

the lasing threshold current is approached. As the threshold is approached, the gain

curve deviates from that of an exponential and the curve becomes steeper. From the

theory of regenerative amplifiers (3 ) and saturable amplifiers, (4 ) the weak signal gain

equation is I T2 exp (-aoL) exp (a0 L r/h v J/Pse)

o 1- exp (2 a0 Lirh LvJ/PSe)
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where

J = current to laser

= coupling efficiency

a o = small signal loss coefficient

L = Cavity length = 0.044 cm

77 = internal quantum efficiency

hv = photon energy

e = electronic charge

PS =  saturation power of the amplifier = SdW

d = active iayer thickness

W = width of the lasing filament

Eq. (38) assumes that the ir Jividual modes of the amplifier cannot be distinguished (as is

the case) so that the gain is average over the amplifier modes. A fit of the data to Eq.

(38) yields a couplinv efficiency of = 3.4% and a small signal loss coefficient of a = 26

cm - I  This loss coefficient, a, is comparable to other values published in the litera-

ture. 9 5 ) The coupling efficiency was calculated to be less than 5%, taking into account

the diffraction of the laser beam, the numerical apertures of the optics involved, and the

error in focussing the lens. Experimental errors error can easily acount for the

difference between the calculated value and the experimental value. From the relative

gain curve in Fig. 13 and the experimental coupling efficiency of 3.4%, a gain as high as

15 is obtained for a laser signal.

The saturation power is the power of the lasing filament at which the weak signal

and strong signal gain models are not longer valid. For powers much less than the

saturation power, the weak signal model is valid, while for powers much greater than the

saturation power, the strong signal model is valid. The saturation power can be obtained
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aoLhvi7
from the coefficient of the exponential in Eq. (38) involving the current, se-,

PS
provided that the current is known. However, the current in the amplifying region is not

known; only the total injected current is known, so that the saturation power cannot be

calculated. However, an upper limit for the saturation power can be made. Assuming

that most of the injected current goes to the lasing filament and that the quantum

efficiencies of the lasing filament and amplifier are equal, an estimate for the amplifier

current can be made by noting the current at which the output of the lasing filament

equals the output of the amplifier for a second current with the feedback blocked. The

ratio of these currents is the efficiency in which current is injected into the amplifying

region. It was found that this efficiency is less than 5%, resulting in an upper limit for

the saturation power of 30 mW. This saturation power is greater than the power of the

amplified beam, being consistent with small signal approximation.
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Appendix 1

The internal quantum efficiency, 77, was experimentally determined from spon-

taneous emission measurements. The internal quantum efficiency is defined as

77 = 1 - Jsp/J, (Al)

where J is the total current density and Jsp is the current density which produces spon-

taneous emission. The current density is related to the power emitted from the diode by

_ sp (A2)- Po
(Ls 0

where

Po = the power at thresholds

P = the power due to spontaneous emissionssp

n = a heuristic parameter between 1 and 2 (n = 1 for an ideal diode'

By plotting in (P sp/P ) vs in (J sp/J), the parameter n can be determined from the slope.

Figure A shows such a plot with n = 1.1. Using equation (A2), the current density

resulting in spontaneous emission, Jsp, can be calculated. Finally, from equation (Al),

the internal quantum efficiency was determined to be 52%.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting

experimental and theoretical investigations necessary for the evaluation and

application of scientific advances to new military concepts and systems. Ver-

satility and flexibility have been develeped to a high degree by the laboratory

personnel in dealing with the many problems encountered in the nation's rapidly

developing space and missile systems. Expertise in the latest scientific devel-

opments is vital to the accomplishment of tasks related to these problems. The

laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer. reentry physics, chemical kinetics, structural mechanics, flight dynamics.

atmospheric pollution, and high-power gas lasers.

Cheoistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric-optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reaction., laser r.iemistry, propulsion chemistry, space vacuum
and radiation effects on nwateri Ls, lubrication and surface phenomena, photo-
sensitive materials ard sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laborator : Development of new materials; metal
matrix composites and new forms o carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laboratory: Atmospheric and ionospheric physics. radia-
tu. from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magneti- storms, and solar activity on the earth's atmosphere, ionosphere, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on soace systems.
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