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SUMMARY

The study of double-photon absorption, harmonic generation, and frequency-mixing in
semiconductors, and the frequency tuning of injection lasers by uniaxial stress are reported.

Observations were made of the two-photon excitation of an electron from the valence band
to the conduction band in CdS (E5  2.5 eV) using a pulsed ruby laser (tla = 1.78 eV). The radia-
tive recombination emission from exciton and impurity levels subsequent to the simultaneous
absorption of two quanta of hw = 1.78 eV was observed as a function of laser intensity and com-
pared to the emission excited by single-quanta absorption for photons of hw > EA. It was found
that the intensity of the recombination radiation i- proportional to I1" for single-quanta excitation
and l2n for double-quanta excitation, where I is the excitation intensity and n is a constant
which differs for different groups of emission lines. The observed cross section for double-quanta
excitation is compared with theory utilizing the band parameters of CUS.

Calculations were also made of the cross sections for double-photon absorption in various
substances. These results indicate that double-photon absorption can readily set an intrinsic

upper limit to the power density that can be transmitted through a medium.

Substantial second-harmonic generation has beer- observed in the foau 11u-V compound
semiconductors InP, GaAs, AlSb and GaP. This radiation was generated at the exit faces of the
single-crystal specimens by excitation using a Q-switched NdJ3 glass laser. The dependence of
the harmonic intensity on both the polarization of the exciting and harmonic radiation as well as
on the crystal orientations was studied and found to agree with the predicted behavior within
experimental errors. In addition, the nonlinear susceptibilities, X 14, were determined and found
to have the values of 0.76 x 10-6, 1.07 x -r6, 0.25 × I06, and 0.18 k 106 in electrostatic units

for InP, GaAs, AISb and GaP, respectively.

Mixing of the axial modes of both a ruby and a NO3 glass iasa were observed in samples
of Ge, GaAs, and Si which were subjected to an external dc bias field. The observed dependence
of the intensity of the difference frequencies on the bias, excitation intensity, emitted freduencies
and mobilities of these substances agrees with that expected for a photoconductive nixing
mechanism.

The effect of uniaxial stress on the emission of GaAs diodes operating both i: the labing
and nonlasing modes have been studied. It was demonstrated that the frequencies of these diodes

can be readily tuned by as much as 0.5 percent by this method. Analysis of the frequency changes
with stress for diodes prepared in different fashions indicates that different emission processes

may be taking place. The modal structure of the laser frequencies and the output power from
diodes fabricated by various techniques was also examined. These results, coupled with those
obtained in our photomixing studies, indicates the feasibility of producing tunable power at much
higher trequencies.



TABLE OF CONTENTS

Pqge

P URPOSE................------- - -------------------...........

SUMMARY ......... _................. ...................... ........................ .................. .............

LIST OF ILLUSTRATIONS ....................................................................................... a

1. OPTICAL DOUBLE-PHOTON ABSORPTION IN SEMICONDUCTORS....... ............ ........

A. introduction ................................................................................ *"** .............

Bs. Two-Band Model for Double-Photon Absorption .................................................... 2

C. Transmission through a Nonlinear Medium ........................................................... 6

D . D s u si n .........Discussion.............. .................................. 8...

II. HARMONIC GENERATION IN FOUR 111WV COMPOUNDS .............................................. I I

A. Introduction.................................................................................................11

B. Calculation of the Nonlinemr Susceptibility......................................................... 12

C. Experimental Techniques ................................................... ...................... .... 14
1. Method of Measurement ....................-................................................... .. ... 14
2. Sample Preparation ............................................... .............. ................. 15A

D. Experimental Results ......... ....................... -..................... ..... ............. ........ 16
1. Polarization and Angular Dependence of Harmonic Generation ......................... 16
2. Determination of Xl4 .... **-**'*.............................20

E. Discussion .. .................................. ................................................. ........... 21

111. FREQUENCY MIXING IN SEMICONDUCTORS ...............__............................. ........ - 23

A. Introduction.......................................................... ...................................... 23

B. Experimental Arrangement ............................................. __............................... 24

C. Experimental Results................................................ ... ................................ 26

D. Theory of Photoconductive Frequency Mixing ................................... ............ ..... 31

E. Discussion.- ..................... ...................... ................................................. 32

IV. FREQUENCY TUNING AND MIXING USING INJECTION LASERS-.............................. .. 34

A. Introduction .............................. .....-........ .............................. .................. 34

B. Frequency-Tuning by liniaxial Stress ............................................... __.............. 34

C. Properties of GaAs Lasers............................................................................. 39

D. Modal Structure of GaAs Emission .......................................................... ........ 41

E. Mixing Experiments with Laser Diodes .................................................. ........... 43

REFERENCES ............................... ...... ........ _.............................. .. ...... ... 44

viii



TABLE OF CONTENTS (Continued)

Pale

Appendices

I. OPTICAL DOUBLE-PHOTON ABSORPTION IN CdS ................................................................ 47

II. FREQUENCY TUNING OF GaAs LASER DIODE BY UNIAXIAL STRESS ............................ 59

I11. EFFECT OF DOPING ON THE EMISSION PEAK AND ABSORPTION EDGE OF GaAs ...... 63

pill



LIST OF ILLUSTRATIONS

FIgure Page

1 Schematic diagram of band structure model used to calculate double-photon
absorption in,'-olving intet- and intra-band transitions ........ ............. 2

2 Transmission law for a medium with linear and quadratic losses simul-

taneously present ......................................................................................................... 8

3 Experimental arrangement for measuring second harmonic emission ............. 15

4 Intensity of harmonic generation in GaAs as a function of rotation about the
normal to the (111) plane. & is the angle between the vertical and the <00I>
direction for all of these figures. The polarizations of the incident and emitted
radiation are specified in the figure; namely, the excitation is polarized hori-
zontally and that of the emission vertically. The solid curve is the theoretical
a .... •Lu r "' .. ...-e thrlpe ... A pnints are the experimental results. The exit
face (Ga side) was etched ........................................... 17

5 Intensity of harmonic generation in GaAs as a function of rotation about the
normal to the (110) plane. The difference between (a) and (b) lies in the
different polarization of the excitation. The solid curves are the theoretical
angular dependences; the circled points are the experimental points. The exit
fa ,ý- was etc!re.Je ......... ................................................... 18

6 Intensity of harmonic ge,,,_ etion in GaAs as a function of rotation about the
normal to the (3 10' plane. Ts': dide-ence between (a) and (b) is in the dif-
fer;-nt polarization of the r-xc-tation. The solid curves are the theoretical
angular dependences; the circled points are the experimental results. The
exit face was polished but unetched .................................... 18

7 Intensity of harmonic generation in GaP as a function of rotation about the
normal to the ( 11) plane. In (a) the exit face (Ga side) was etched for the
circled points while the other points refer to the reverse etched exit face
(P side). In (b) the circled points refer to a polished exit face while the
other points refer to an etched exit face (Ga side). In addition, the two sets
of points represent different polarizations as indicated. The solid curves
are the theoretical angular dependences ............................................. 19

8 (a) Intensity of harmonic generation in AISb as a function of rtxation about
the normal to the (110) plane. The exit face was polished after being etched.
(b) The same for lnP as a function of rotation about the normal to the (111)
plane. The circled points refer to an etched exit face while the others refer
to one which was polished after being etched. The solid curves are the
theoretical angular dependences ....................................... 19

9 Schematic diagram for detecting microwave beat frequencies .... 25

10 Circuit diagram of pulse amplifier, time delay amplifier and relay for trigger-
ing laser and bias ...................................... ... ................................ 26

ix



LIST OF ILLUSTRATIONS (Continued)

Figure Page

11 Correlation between microwave and exciting laser signal. (a) The upper
trace is the ruby laser and the lower trace is the 1.064'Gc signal from
GaAs with sweep speed of 100 p sec/cm. (b) The 1.537-Gc signal from
Ge excited by a Nd laser; the upper trace shows the microwave signal
while the lower trace displays the laser signal with sweep of 100 P sec/cm.
(c) Same experimental conditions as (b) but with sweep of 50 P sec/cm .......... 27

12 Microwave power output vs. bias and laser intensity for GaAs with ruby

laser ...................................................................... 28

13 Microwave power from Ge with Nd3- laser as a function of bias .......... 29

14 Microwave power from Si with ruby laser vs. bias at 3000 K and 78K ............ 30

19 Erp~rimenta! arrangement fz. tea .. prcssion mJasu-emeats. Che crystallo-
graphic orientation of the GaAs diodes used is indicated at the right .................... 35

16 Recorder trace of the coherent emission line from a GaAs diode at three
different stresses. The curves are displaced vertically for clarity. The
linewidths are due to the unresolved modes. (Instrumental resolution - I A) 36

17 Shift of the incoherent emission line from three typical GaAs diodes with
uniaxial compression stress at 780K. The indicated spread of the individual
data points represents the variation of the results of all the measurements
made at a given stress ........................................................ 37

18 Schematic diagram of uniaxial stress apparatus ............... ................ 39

19 Sketch of the far-field pattern of a GaAs diode with the simplest possible
mode strictures (diffraction effects) ......................... ............. 40

20 Far-field pattern of GaAs laser diode ..................................... 41

21 High resolution spectrum of GaAs laser ........................... 42

22 Diagram of mixing experiment using two GaAs lasers 43

x



I. OPTICAL DOUBLE-PHOTON ABSORPTION IN SEMICONDUCTORS

A. INTRODUCTION

In considering the probability for an N-photon process to take place in a given crystal
for given input frequencies, the aliowed process that involves the minimum number of photons will

likely be dominant in the attenuation of the incident beam. Consequently, in the first phase of
this program it was decided to study the double-photon absorption in semiconductors in the spec-
tral region where single-photon absorption is forbidden. This process is of interest since it is
an intrinsic absorption process which depends upon the incident intensity and is to be considered
whenever a solid is irradiated with an intense light source of photons of energy greater than half

the band gap.

An intrinsic semiconductor normally does not exhibit any optical absorption capable of
producing electron-hole forphoton energies less than the energy gap. This is true for the light
intensities employed in conventional optical absorption experiments. However, for sufficiently
high incident intensities of photons whose energy is less than the band gap, the multiple-photon
excitation of a valence electron to the conduction band can take place and consequently, in
principle, a perfectly transparent semiconductor does not exist!

In this section, we shall develop the theory for double-photon absorption in semiconductors
and apply the results to calculate the double-quanta absorption cross section for the II1-V compounds.

The observed double-quanta absorption cross sections of CdS will also be comipared with theory.
The theory for the transmission through a medium where linear and quadratic absorption processes
take place will be developed and it will be shown that double-photon absorption can set an intrinsic
upper limit to the power density that can be transmitted through such media.

CdS was chosen for experimental study of the double-photon absorption. This selection
was made primarily because the single-photon absorption process has been ci:c;sively studied
in this substance, and it was therefore possible to compare double- and single-photon absorption
on the same crystal. In addition, one can utilize the band structure parameters determined from
single-photon absorption measurements to estimate the double-photon absorption coefficients.
The theory developed for this process in CdS can also be readily applied to other II-VI and
III-VI compounds. In addition, similar perturbation theory calculations for the three- and four-
photon processes, i.e., second-harmonic generation and tripling can also readily be cast in a
form that takes account of the band structure of these substances.

Observations were made of the two-photon excitation of an electron from the valence band
to the conduction band in CdS (E, , 2.5 eV) using a pulsed ruby laser (h, - 1.78 eV). The radia-
tive recombination emission from exciton and impurity levels subsequent to the simultaneous

absorption of two-quanta of tiw 1.78 eV was observed as a function of laser intensity and
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compared to the emission excited by single-quanta absorption for photons of hs > E5 . It was

found that the intensity of the recombination radiation is proportional to io' for single-quanta ex-

citation and Ion for double-quanta excitation where I is the excitation intcnzity and n is a con-
stant which differs for different groups of emission lines. The observed cross section for double-
quanta excitation compared favorably with theory utilizing the band parameters of CdS; these
results were published as an article in the Physical Review, a reprint of which is included in
Appendix I.

Initially, the theory developed for the double-photon process in CdS utilized a three-band
model for the band structure of this substance. However, the double-photon absorption cross sec-
tion can easily be obtained using a two-band model employing a single valence and conduction
band. We shall re-develop the double-photon calculation in this section utilizing the simpler
band structure model, since it reveals simple generalizations regarding the underlying parameters
which determine the double-quanta absorption cross section which apply to all the IllI-V com-
pounds. This calculation enables one to set a lower bound to the double-photon absorption cross
section while requiring a knowledge of very few band structure parameters. The theorecal de-
velopment is essentially similar to that previously published 1 2 except that it utilizes an allowed
intra-band optical transition for one of the virtual transitions.

B. TWO-BAND MODEL FOR DOUBLE-PHOTON ABSORPTION

Consider a solid whose band structure consists of a valence band and a conduction band
with extrema at k = 0; a schematic diagram of this model is shown in Fig. 1. If two monochro-

matic photon beams of energies 1iha 1 and hca 2 , both less than the bandgap, but whose sum is

Fig. 1. Schematic diagram of bond
structure model used to calculateire d double-lkoton absorption in.

volving inter. end int-b2od

I---- 
tr"Stions.

.. /2



greater than thebandgap are inciden: upon the solid, the transition probability per unit time for an

electron to be excited from an initial valence band state k to a final conduction band state k

by the simultaneous absorption of two photons is given by

2v Hvkek1 ckcck HvkCkHcksck
Pvk.ck (Eck +E A - ]•[ E _ l [Eck + Ek -1]

K8(E . Eck + Evk- h -al - ) (1)

where Hvk,ck is the optical matrix element which couples the valence band and the conduction
band, and Hck¢ck is the intra-band optical matrix element coupling states within the conduction
band. E is the separation of the valence and conduction band at It - 0; Eck and E,k are the
energies of the conduction and valence bands, respectively, as measured from their extrema. In
this calculation, we have considered only one virtual state, while in fact it is usually necessary
to sum over all possible intermediate states. The justification for this procedure is that a domi-
nant contribution to the transition probability results fior intermediate states which are closest
to the final conduction band.

The absorption coefficient K1 for photon hra1, when h1w1 and caw2 are simultaneously
present, may be simply related to the number of Atowj photons absorbed per unit time per unit
volume and is given by

K- -2n 1 2N p 2n

c N1  dt N-- k

where n is the index of refraction, c the velocity of light, and N1 the density of photons w1"

The factor of 2 is included in the absorption coefficient to account for the two electron spin

orientations. We shall assume that there is very little spatial variation of the beam within the
medium; that is, all absorption processes are small.

By combining Eqs. (1) and (2), the absorption coefficient is given by

K 4 rn f d k r H v k .c kH c k .c k -Hv k 'ckl tc k .ck ) I_2
cN11 (2JY) (E ck + E vk - hojw) (E-k Ek h-) J

xB8(E 8t+Eckt+E,k hwl.1h"2) (3)
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We have used the conventional optical matrix elements: 3

Hvk.ck = n • Pvk.ck

(4)
H C M2i•Ni1/2

Hck.ck = nim (' INi ck.ck

where Pvkck and Pckck are the appropriate momenta matrix elements, ni is the refractive index
at wji, and a represents a unit vector for the photon polarization.

To obtain explicit expressions for K1 for a given solid, it is necessary to have some
knowledge of the momenta matrix elements as well as the It dependence of Evk and Eck* If the
transitions are allowed, that is, thecoupling is between bands of opposite parity, 'PYk ckl 2 can
be taken as a constant, andcan be evaluated from thesingle-quanta absorption edge. Pckk is
a nonvanishing intra-band marrix element of zero order in k which vanishes at an extrema and is
equal to the group velocity times the free electron mass: 4

aE,
Pckck = my = i/h -- 

(5)

Ok

We shall assume that the energy bands are spherical and parabolic, and consequently are given

by

E =h2 k2/2m, Eck = aet 2 k2 /2m (6)

where the a's arethe inverse effective mass ratios. Substituting Eqs. (4), (5), and (6) into Eq.
(3) and performing the integrations, we obtain the expression for the double-photon absorption
coefficient:

(2) 9/2 frN 2a tJPcj 2 e4

cn n 2 mIn 2 (a + a ) 51 2 x8[3/ +2la 2 -EI x fl/te' 1  l/t+ 2 I2  (7)

This expression is essentially similar to that previously obtained, 1.2 using the three-
band model for the band structure, with the simplification that only one matrix element, the inter-
band element remains to be specified, since we have performed the integration over the intra-
band matrix element. It is seen that the characteristic features of the double-photon absorption
process are still revealed; the absorption coefficient of photons ?Iea is a function of the density
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N2 of photons t'en2 simultaneously present in the solid; the intensity-dependent absorption edge

increases as a power of photon energies with a threshold at ,w I,,,,2 - E,.

in order to evaluate Eq. (7) for a specific substance a knowledge of ac. a,, ES and P,
is necessary. It can bc shown, using k-p perturbation theory5 to calculate the band structure of

the zincblende semiconductors, that the valence and conduction band effective masses at k - 0

and the single-quanta absorption edges can be accounted for by assuming that the inter-hand

momenta matrix element Pc is cO'-stanc 6 for all the Ill-V compounds and is given by IP,,C I

- 11.5 eV m. It is instructive to re-express the absorption coefficient of Eq. (7) in terms of a non-

linear absorption cross section normalized to unit flux per unit aret; taking the above value for

the square of the matrix element and assuming that hNo1 and hna2 is approximately equal to E
we obtain

3.6 - 10-48a 2
a, -- cm4 sec (8)n n2 (ac + a,)/ Es

The conduction band effective masses for the [II-V compounds are given from k. p theory

as

ac = rn/ny = 1 + 2 /31Pvk~clc' 2 ( 5 +AE EA AA

where E8 is the band gap at I = 0 and A is thespin-orbit splitting. The explicit values for the

double-photon absorption cross sections from Eq. (8) for the III-V compounds can be obtained

by assuming that the heavy-hole inverse effective mass ration a,, - I and using experimentally

determined values 6 of a , E., and A or the values of a. calculated from Eq. (9). The values of

a2 for some representative compounds are shown in Table I.

TABLE I

GaAs Inp InAs InSb

E-& eV 1.53 1.34 0.45 0.25

ac - 13.3 15.2 J 385 65.5

A - 0.33 01.24 0.43 0.84[ 2 - cm 4sec 2.8 x 10- 4 9  3.7 o10-49 4.0 10-48 1.4- 10-47

* 5



It is seen from Table I that the double-photon absorption cross sections increase as the
band gap of the solid decreases. The characteristic feature that the absorption cross section in-
creases as the band gap of the solid decreases is not limited to the ca", of a band-to-band tran-
sition in a semiconductor but comes from the frequency factors in the optical matrix elements in
Eq. (4). This result is also obtained in the case of double-photon absorption between discrete
levels; the nonlinear absorption cross section for such a process can be shown to be given by7

a 5.1 x 1-48f 2  cm4 sec (10)
n2 E2 (AE )

where n is the refractive index, A E is the width of the real excited state at 2 Eg and f is the

f-number for the transition. In the derivation of Eqs. (8) and (10), it was explicity assumed that
the absorption occurs by a single intermediate state which allows coupling between the initial
aln-d final sta-es. In fact, i. is necessary to aum over all possible intermediate states. Consequently,

these calculations represent a lower bound for the double-photon absorption cross sections.

We shall now compare the results of calculating the double-photon absorption cross-section

for CdS usingthe present two-band model with the previous calculations using the three-band
model. 2 The band parameters appropriate to CdS using aruby laser are ac - 5, a. - 0.2,
E4 = 2.5 eV, hlc = 1102 - 1.8 eV and IPk4ckI 2 = 10.5 eVm. The value of the momentum matrix
element for CdS differs slightly from that of the III-V compounds; this value is in good agreement
with experimental values of the effective masses of the Il-VI compounds. The three-band model

yields 02 = 3.3 10-47 cm4 sec for "allowed-allowed" transitions, while for the "allowed-
forbidden" transitions a2 = x 10i48 cm4 sec. Using the expression in Eq. (8) which was derived
for a two-band model, "2 6 x i0"49 cm4 sec. The experimentally determined cross section for
CdS is £72 - 10.48 cm4 sec. Thus, virtual transitions involving intta-band matrix elements can

make a reasonable contribution to the doubtL ephoton absorption cross section, and indeed it is
necessary to sum over all inter- and intra-band transitions. Consequently, the double-photon
absorption cross sections given by Eq. (8) represent a lower bound for this process.

C. TRANSMISSION THROUGH A NONLINEAR MEDIUM

We shall now calculate an expression for the attenuation of a beam being propagated
through a medium within which linear and quadratic loss processes can take place. In the steady

state the transmitted flux through such a medium is given by the continuity equation

V --F - FN 1 -a 2 F2 N (11)

where a, is the linear absorption cross section in units of cm2 , "2 is the absorption cross section for
a quadratic loss process in units of cm 4 sec, and NI and N2 are the densities of centers responsible

6



for the linear and quadratic loss processes, respectively, and F is the flux per unit area in

photons/cm2 sec. We shall assut, that N, and N2 are independent of incident flux; i.e., the

lifetime for recombination to the ground state is extremely short. For a plain parallel slab of

thickness x and neglecting absorption losses, the transmission is obtained by integrating Eq.

(11) we obtain

F __ __ _ __1__ _ __ ___1_ _ ___x_ _T = F N (12)
F0  a1 N xexp[a 1 Nlx] +o 2 N2 xFoexpLa-NMxl -a 2 N 2 xF 0  (12

where F and F0 is the cransmitted and incident flux in photons/cm2 sec. We see that for high

incident intensities, the transmission ultimately saturates. If the linear absorption is large or

the incident flux is small, i.e.,

aINix >> a 2 N 2 xF 0

T = exp[-alN1 x)

we obtain the conventional Lambert's law; that is, theoutput is proportional to the input. How-

ever, if the flux is high

a 2 N2 xFo >> » 1 N1 x

(14)

T = 1/1 +a 2 N2 xF 0

the output is a nonlinear function of input; if az N2 x F0 > I the transmission will decrease as a

function of incident intensity.

Figure 2 shows a plot of the absorption A -I - T for a medium having linear and quad-
ratric tno5 processes simultaneously present. When a2 N2 x F0 > 1, the quadratic loss becomes

the dominant absorption process, and in fact the medium becomes opaque. Similar expressions

can be readily derived for spherical and cylindrical geometries with results similar to Eq. (12)

except for geometric factors; in such geometries, the transmission of the medium will also

saturate as a function of incident flux. These results show that there is an intrinsic upper limit

to the flux density which can be transmitted through a medium that has bi nonlinear absorption

process taking place. It should be further noted that it is only the linear absorption process that

yields an exponential fall-off of intensity wi-h distance and is independent of intensity, while
the quadratic and higher order processes will fall-off inversely proportional to the distance and

intensity.

7
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Fig. 2. Transmission law for a medium with linear and quadratic losses simultoneously present.

D. DISCUSSION

Although the double-photon absorption cross sections appear to be relatively small, since

the absorption coefficient for this process depends upon the incident intensity, at high flux den-

sitics this process can constitute a major dissipative mechanism when operative.

It is of interest to consider the possible effects of double-quanta transitions on the power
output of present injection lasers and in particular that of gallium arsenide. Although the power
output presently available from such devices is relatively small, compared with that of optically
pumped lasers, injection lasers are relatively small-area devices so that the flux per unit area

is still quite high at the emitting junctions. Furthermore, the emitting frequencies lie slightly
below the band gap satisfying the threshold conditions for double-photon absorption given in Eq.
(7). Power densities of the order of i07 watts/cm 2 can be realized for conventional diodes. If
one considers a diode 0.1 cm long with the above-mentioned power density and one employs the
lower-bound, double-photon absorption cross section given in Table I for gallium arsenide, one
obtains

a 2 N2 xF 0  (3x1049) x (1022) x (0Y1) x (1026)- 3x 0-2 (I1)

From Eq. (12) and Fig. 2, we see that under these conditions the double-photon absorption can
begin to make a contribution to the loss process within the structure. Even if an electron-hole
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pair created by double-photon absorption subsequently recombined and re-emitted a photon, the

double-photon absorption process would still set an intrinsic upper 'imir to the output power
since two quanta will be annihilated to produce one subsequently re-emitted quantum.

If a focussed high-power laser is incident upon an ostensibly transparent substance such
as calcium fluoride or another optical quality material, it is usually found that most substances
tend to be punctured at power levels of approximately 109 watts/cm 2. When one normally examines
these materials by measuring the optical attenuation at low powers, it is usually found that such

materials do not exhibit any absorption to account for the dissipated power necessary to destroy
such material. Despite the fact that the band gap of these materials may be far greater than twice
the incident photon energy so that a double-quanta process is not allowed between bands, it may
be possible to have multiple-quanta processes taking place between impurity levels. If one con-
siders as a typical example the case of optical-quality calcium fluoride one finds thut one can
have a distribution of impurity levels at concentrations of 101 8 /cm 3 due to various rare-earth
impurities. A reasonable estimate of the double-photon absorption cross section for the ruby line
at h•o= 1.8 eV can be made by superimposing the energy levels of the various impurities and
using appropriate averages of the oscillator strengths and half widths for excited states at twice
the laser frequency; the resulting cross section a2 is 10,49 cm 4 sec. For an incident beam of I09
watts/cm2 and a I-cm-thick slab

a 2 N2 xF 0 2: (10-49) . (1018) • (1) . (1028) 10" (16)

Linear absorption due to scattering from optical imperfections or residual impurities normally
yield values of aI NI x < 10- 3 for optical quality calcium fluoride. Consequently, the normal
linear scattering processes cannot account for the dissipation, while the double-quanta absorption
due to impurities can be responsible for a reasonable amount of power absorbed from an incident

beam.

In calculating the propagation of a laser beam through a gaseous atmosphere one normally
utilizes the linear absorption coefficient of the appropriate optical window to determine the
losses. However, if care is not taken so that no states exist at twice the laser frequency to
which double-quanta absorption can take place, there is an intrinsic limit to the power that can
be transmitted through such an atmosphere. Consider the case of a laser beam of photons of
energy 7, -- 3.1 eV and a flux density of 109 watts/cm 2 propagated through a kilometer path
length of 02 at atmospheric pressure. For such a beam, double-photon absorption can take place
via the Schumann-Runge bands. From the observed half-widths and oscillator strengths of these
bands, the cross section 02 can be estimated to be on the order of 10'50 cm 4 sec; consequently

a 2 N 2 xF 0 "- (10-50) .(101) _ (105). (1028) - 10 (17)

9



We see from Eq. 012) and Fig. 2 that the transmission of much a beam, ~ilI saturate. Similar con-

siderations will apply whenever one uses any optical window in an atmosphere where there is a

state available at twice the frequency of the window so the double-photon absorption can take

place.

In gcneral, when evaluating the optical transmission of a material by observing experi-

mentally the transmission of an optical beam at low intensities, it is dangerous to infer from

these measurements, the loss mechanisms at high flux densities. As can be seen from Fig. 2,

at low intensities the absorption can be independent of incident intensity, but if there is any

quadratic loss process allowed, these could easily make overwhelming contributions to the ab-

sorption at high flux densities.

The above considerations of double-photon absorption also indicate that one can con-

sider utilizing such a process for making extremely fast power limiters or optical shutters. Since

.k 0 -nt-r-aitso a- material in which dobepoo bopincan take5 plcs dependent upon the

flux density, some measure of control of the operating point of the limits is possible by placing

such material at the appropriate point of an optical chain. Because of the intrinsically fast nature

of the process, the time of response ma.,y not be limited by thermal lag or population relaxation

times which prevail when single-quanta processes are used to perform such optical shuttering.

For a broad-band device, one can utilize the band-to-band transitions in semiconductors or in-

sulators if the lire of the laser beam is greater than E 8/2. The estimated cross sections for most

materials can be readily obtained from Eq. (8). In the case of discrete transitions, given by

Eq. (10) , if the half-width of a state at twice the laser frequency is very narrow, the cross sect ions

of double-photon absorption can be quite high.

As we have seen from this work and the results reported in Appendix 1, the calculated

and observed double-photon absorption cross sections of CdS agree within an order of magnitude

with theory, indicating that one can readily understand this process in terms of the band structure

of a solid. The theory we have developed in this section, generalized to apply to the case of the

Ill-V and Il-VI compounds essentially sets a lower bound for the cross sections for double-photon

absorption in these substances. These considerations indicate that it should be experimentally

feasible to measure quite accurately the double-photon absorption cross sections in AlSb, GaAs,
GaP, In!', and Si using a NdO, laser with A = 1.06 microns. Since injection lasers have been

made from a number of semiconductors and alloys, the direct measurement of the nonlinear ab-

sorption in these substances would be of particular importance in ascertaining the intrinsic upper

limit to the power output obtainable from such devices.

10



II. HARMONIC GENERATION IN FOUR III-V COMPOUNDS

A. INTRODUCTION

The investigation described in this se,-tion grew out of our success in obtaining reason-

able agreement between the calculated and observed cross section for double-photon absorption

in CdS 2 which was discussed in the previous section. This result for CdS indicated to us that

we might expect to find good correlation between theory and experiment for other nonlinear inter-

actions of coherent radiation with semiconductors whose band structure is well characterized.

The III-V semiconductor compounds comprise a group of materials whose band structure and re-

lated parameters are well known. Consequca:ly, they are amenable to the calculation of cross

sections for various nonlinear processes. In addition, these compounds lack a center of inversion

and therefore, in principle, are capable of generating second harmonics of exciting frequencies

which have sufficiently high intensities. 8 By comparing the measured harmonic cross sections

or as was done in our work, the nonlinear susceptibilities X')4 (proportional to a%) of

several III-V compounds having different band structure parameters, we sought to identify the

pertinent parameters.

In this study we observed the second harmonic of a Nd 3" laser generated at 5300

(2.34 eV) in single crystals of InP, GaA.M AISb, and GaP. Our work on InP and AlSb is the first

reported on these materials. Since the band gaps of these compounds range from 1.24 eV to

2.24 eV while the energy of the exciting photons was 1.17 eV, we were dealing -.- h the case

where the second harmonic was completely absorbed within a fraction of a wavelength after

generation, while the exciting radiation suffered negligible attenuation. The emitted harmonic
can be observed either in reflection or transmission. In the former, the harmonic is generated at

the incident surface and is emitted as a reflected beam. In the latter the only harmonic radiation

leaving the material is generated at the exit face since that produced in the bulk is completely

absorbed. We employed the transmission method.

Shortly after we commenced this part of the program, Ducuing and Bloembergen 9 reported
the first observation of harmonic generation in III-V compounds. They detected the emission of

twice the ruby laser frequency in GaAs and InSb in reflection. They had to employ the reflection

method since these materials are opaque to the exciting radiation. This was followed by the

observation by Garfinkel and Engeler1 0 of harmonics of several modes of the GaAs injection laser

in GaAs. More recently, Bloembergen, Chang, Ducuing, and Lailemand 11 have reported the ob-
servation of reflected harmonics of both the ruby and neodymium lasers in InSb, InAs, GaSb, and

GaAs. For the latter, they have also observed the emission in transmission for the neodymium

excitation. Soref and Moos 12 have just published a very comprehensive study on harmonic gen-

eration in Il-VI semiconductor alloy systems as well as in GaAs and GaP in the Ill-V category
under present consideration.
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A•, •i,,inination of the nonlinear susceptibilities of the seven IiI-V compounds studied so

far shows that the absolute value for X for Nd 3+ excitation lies between 0.2 x 10'6 esu and

1.2 x 10*6 esu. This compares with a value of 3 xl0"9 esu for KDP which is about the strongest

harmonic emitter among ionic crystals. This 150- to 400-fold increase in X has been shown to be

due mainly to the resonance between the harmonic and the conduction bands. 12, 1 3 In the case of

ionic crystals this does not occur for excitation by frequencies as low as those produced by the

Nd 3t and ruby lasers.

This section on harmonic generation is divided into four parts: Section B is concerned

with developing the equations that will be needed to calculate the nonlinear susceptibilities from

the experimental data. In Section C we discuss the experimental methods used both in making

the intensity measurements and preparing the samples. The intensity measurements as well as

their dependence on the orientations of the polarization direction of the radiation with respect to

crystallographic axes are presented in Section D. In Section D we also give the calculated values

of X C" Finally, in Section E we briefly discuss the consequences of our results.

B. CALCULATION OF THE NONLINEAR SUSCEPTIBILITY

The problem which confronts us is the calculation of the harmonic power radiated by a

parallel slab of nonlinear material upon which is incident an intense beam of coherent light.

This problem was solved by Bloembergen and Pershan, 14 and the result can be obtained from

Eq. (6.8) of their paper. Using Soref's simplification of this equation one finds that the square
of the radiated harmonic field is given by

IE2 I 2 2 14"PIl F (18)
(f, - f')2 + ( ,f 2

where are the real parts of the complex dielectric constant at frequencies2w and tj, respectively.

IF• ;' is the imaginary part at frequency 21c".

P is the nonlinear polarization vector and for the Td(4 3m) symmetry of
the IllI-V's is given by

P 1 4Ei Ek (ij,k refer to the crystallo-
graphic coordinate axes)

F is a function of the complex dielectric constants or indices of refraction.
In the case of a parallel slab in which the nonuniformity of the thickness
is considerably larger than a wavelength (case in our experiment), F is
given by

F = (n 2w' + Incd)2 &+ ( )2 (o
-(n 2 ) 2  (For k ' 0. F is different)
(n 2 u + 1)2 4 (k,) 2 24
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n2,, and n,, are the real indices of refraction at 2W and w. respectively; and k2,,
is the extinction coefficient at 2(j- We can express (n23)2, (n0C)2

and (k 2,) 2 as functions of the complex dielectric constants as
follows:

2d 2 2 ; similarly for (n.)

(k22a )2 /2)2

2 2

In our experiments, we excited our crystals with linearly polarized light and measured
the polarized intensities of the harmonics. As shown in a later section, we can express the

polarization as

P = K x. G(el) (EL) 2  (19)

where K is a constant for given crystal and polatizer orientations.

G(O) is a function of the angle which the crystal <001 > axis makes with a
direction in space.

EL is the linearly polarized electric field of the laser inside the crystal.

Inserting this expression into Eq. (18) and converting the fields into power by means of
Poynting's theorem15 one obtains

.8w\ 64 r2 K2 (X 4) 2 [Gr(k)]2 (1)2 F

6\CA J(n,) 2cl .n) 4 (1+n 2r-2Br c)2 (()2

where W2., is the harmonic power radiated from the slab.

loW is the laser power measured after traversal of the slab by the beam.

A is the area of the beam

If one uses cgs units IX1 4 1 will be expressed in esu.

Although Eq. (20) could be used to obtain x 14, it would require an absolute measurement
of W2os/(I9)2 which would require an accurate calibration of attenuating filters and photomulti-

pliers. It is much simpler to compare the harmonic power of an unknown with a known generator.
Since the X of KDP is known far more accurately than our experiments could measure any of our

materials, 16 we used it as our reference substance.
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Again utclizing the resulhs for a parallel slab used in obtaining Eq. (18) we obtain for a

nonuniform slab of KDP having (110) faces the following expression for the harmonic power

This expression comes from the evaluation in Eq. (20) of the various factors for KDP. We- used

the following values for the indices, no = 1.497, nw = 1.471,17 since the orientation of the

KDP was such that the laser beam entered as an ordinary ray producing an extraordinary har-

monic ray.

To obtain the equation used in our work to calculate the nonlinear susceptibilities

relative to KDP divide Eq. (20) by Eq. (21) and solve for 1 4 12/1X4K 4 12. The result is

[I.141 2 2 (a K
_ - l: I £ (22)

where

£=300 (n )2 (1 +n02)4 (1 + In 2f 2 [(,r t, 2 + (~j.F,),J
,,2 K [G(o)J2 F

Hence, a measurement of the harmonic and monitor powers relative to a crystal of KDP e-nables

one to determine the relative magnitude of the X 14'S.

C. EXPERIMENTAL TECHNIQUES

1. Method of Measurement

The experimental setup is shown in Fig. 3. We used a Q-switched laser made by Lear

Siegler, Inc., wih a 2%-inch Nd 3O glass rod. The Q-spoiler is a prism rotating at 60 cps. To

prevent damage to our samples we operated the laser slightly above threshold. The emission

consisted of a single pulse with a maximum power of about 105 watts and having a half-width of

about 0.1 gsec. Following the laser were two filters designed to cut out the uv flashlamp emis-

sion. This was followed by a Glans air prism which polarized the laser excitation. The samples

were mounted on a goniometer head to facilitate orientation. For AMSh we had to plave hbc

crystal in an air-tight cell containing Drierite to prevent moisture from attacking the surfaves.

An 1/8-in, aperture was used in measuring relative intensities for determining X1, It assured

an equal area of emission for all of our samples. The glass beam-splitter directed a small

fraction of the laser radiation into the monitoring 7102 photomultiplier. The Corning filters gave

the necessary attenuation of about 108. The 4-96 filter, Kodak attenuator and polaroid in front
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of the 1P28 photomultiplic- allowed only a polarized component of the harmonic into the photo-

multiplier. The signals were observed on a Tektronix 502 dual-beam oscilloscope which was

triggered by the monitor signal.

COtSFILTER

DIAPHRAGM GLASS .- AK ATTENUATOR

CORNING uu/ATRN
FILTERS

SWIy14EOLASR RjC.G

SAMPLE IIATTENUATOR
CORNING
FILTERS

17-1

I-6936

Fig. 3. Experimental arrangement for measuring second harmonic emission.

Several comments should be made here. Initially, we observed the harmonics by means
of a spectrometer to ensure that we were seeing the desired radiation. However, we were able

to obtain larger signals without the spectrometer and still adequately filter out unwanted emis-
sion from the laser and flashtube. Unfortunately, we had insufficient laser intensity to use the

harmonic from a KDP crystal as a monitor. This would have been desirable since it has been
shown I8 that the fluctuations of the harmonic emission follows a harmonic monitor much more
closely than the direct laser intensity because of the fluctuations in the coherence properties
of the laser in successive bursts of emission. This is one reason for the large fluctuations in

our data which are presented in Section 11-D.

2. Sample Preparation

The crystals of GaAs, hiP, and GaP were grown at the RCA Laboratories and kindly
furnished us. The AISb sample was obtained from Battelle Memorial Institute. Of the RCA crys-
tals, GaP was grown epitaxially, InP by the Bridgman method, and GaAs by the Czochralski
process. Only the GaP crystal was doped (with sulfur) and had a carrier concentration between
101 7 and 1018 per cc. The carrier concentrations in GaAs (i11), GaAs (110), loP (111) and
AlSb (110) were 3.6 x 1016, 1.4 - 1016, 3.22 , 1016 and 2,0017, respectively. The crystal orien-
tations were established by X-ray analysis.
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Since the harmonics are generated within a fraction of a wavelength of the exit face, one

might expect that their intensities are very sensitive to chemical surface treatments. In additien,

one might expect that mechanical operations like polishing would produce lattice disorientations

at the surface which would result in several crystallographic planes contributing simultaneously

to the harmonic intensity. This would show up as a nonvanishing minimum in the orientational

dependenct of the harmonics. In the experiments, we encountered both of these effects.

We investigated the effect of various polishing etches on the harmonic intensity. For the

intensity measurements used in determining X14, we chose the surface treatment which gave

both the maximum emission and a zero or almost zero emission at :he sample orientations where

it should vanish. Both faces of all samples were polished with line corundum prior to etching.

It was also beneficial to polish the faces irradiated by the laser after the samples were etched.

The optimum etches were:

lnP - HN0 3 + HCL (dull smooth side toward laser)

GaAs(111) - aqua regia (rough As side toward laser)

GaAs(110) - 6H2So 4 + H12202 + H120 (both sides identical)

AISb - best results with both faces polished and unetched
GaP - 3H2so4 + 6HN0 3 + HF , 10 drops of Br2 (smooth P side toward laser)

D. EXPERIMENTAL RESULTS

1. Polarization and Angular Dependence of Harmonic Generation

To determine the nonlinear susceptibilities it was shown in Section 1I-B that we h-ave to

determine the function KG(#) which depends both on the crystallographic face and the polarization
of the laser and the harmonic radiation. The reason that harmonic emission in these cubic crys-

tals is anisotropic can be seen from the relation previously given; namely, Pi - X14 Ei Ek. Since

the i, j, and k axes are fixed in the crystal we have to relate these directions to those outside

the crystal determined by the polarization directions of the exciting and emitted radiatiens. The

results of these trigonometric calculations for both the (11) and (110) crystallographic faces

are presented in Table il for the orthogonal polarizations used in our experiment.

Figures 4 through 8 show both the functions from Table 1I and the corresponding experi'

mental points for the four crystals studied. In cases where more than one measurement was made

at one angle, the error bars were inserted to indicate the maximum deviation from the average,

The largest deviations range from about ± 25% to ± 60% which is also the size of the largest
discrepancies from the theoretical curves. In general, the deviations were considerably smaller.

These curves show that the bulk crystallographic structure is preserved down to thicknesses of

the order of 1000 A. The harmonics vanish at the predicted angles except for the GaP crystal,

thus indicating that the surface preserves the bulk crystal structure whether the surface was
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etched or polished. This wi,. not quite true for GaP for both surface treatments. We also found

that polished crystals of Ga.•Is behaved similar to GaP.

Since our results for the .lasc, pola;ized horizentally and rih analyzer vertical seemed to

lie closest to the expected behavior, we chose these polarizations for making our quantitative

relative intensity measurements for determining X"1 ." Since the maximum harmonic production for

these polarizations occurs when x = 0 for both the (111) and (110) faces we oriented our samples

with their -001 > axes vertical for these measurements.

TABLE II

K G(4) FROM EQ. (19) FOR TRANSMISSION AT NORMAL INCIDENCE

(111) FACE

EL VERT. EL 14R.

P2cu, Vert.. 5j sin 0 2) ,A.- ,2 J , .3 CA•I• A ,'M

P2., hor. 3/4 sin' 0 sinrb (3-4 sin 2  /4 sin3 0 sin4* (1-4 cos2to)

(110) FACE

* 2• vert. 3/2 sin~tr cosO, 1/2 cos, (1-3 sin 2 ')

P o h0 ,. 1/2 sing, (1-3 cos 24*) 3/2 cos2o sine,

Where 0 = 54'I - angle between puiaziter and --001 axis

GaAs (111)

l. -EN (1 .0 6 A)
W-t EV (0.53)& )
z

'-0.8 
\V1,1,

i-c

S04

40

"-05 -40 -5300 -200 -10t 0 10t 2W 30* 40( 50U

Fig. 4. Intensity of harmonic generation in GaAs as a function of rotation about the normal to
the (111) plane. 0 is the angle between the vertical and the .-001> direction for oil
of these figures. The polarizotions of the incident and emitted radiation are specified
in the figure; namely, the excitation Is polarized horizontally and that of the emission
vertically. The solid curve Is the theoretical angular dependence; the circled points
are the experimental results. The exit for: (Ga side) was •e•tkte•
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GaAs (110)1

(0) Ew{.06Ps)
0.8> �. E£ (0-531.)

)-

>1.2 EV(-51

0.4

-10 04 I06 20" 3W 40" 50" 600 70" WO o

Fig. 5. Intensity of harmonic generation in GaAs as a function of rotation about the
normal to the (110) plane. The difference between (a) and (b) lies in the dif.
ferent polarization of the excitation. The solid curves are the theoretical
angular dependences; the circled points are the experimental points. The
exit face was etched.

T T ~ I -

1-6 GaAs (110 )
S[ ~ (0) E1,i.O6p.]

1.2 EHi (0-53ýL

>-4
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cc 0-- 
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0 

-

"lO* O0 10 200 30" 401 500 600 7?0 800 900

Fig. 6. ..tansity-f Le h..moni.C ee.. neration in GaAs as a function of rotation about the
normal to the (110) plane. The difference between (a) and (b) is in the different
polarization of the excitation. The solid curves are the theoretical angular
dependences; the circled points are the experimental results. The exit face
was polished but unetcheJ.
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Fig. 7. Intensity at harmonic genoration im GvP as a function of rotation about the
normal to the (111) plane. In (a) the exit face (Go side) was etched for the
circled points while the other points refer to the reverse etched exit face
(P side). In (b) the circled points refer to a polished exit fke while the
other points refer to an etched exit face (Go side). In addition, the two sets

of points represent different polarizations as indicated. The solid curves
are the theoretical angular dependences.
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Fig. 8. (a) Intensity of harmonic generation in AISb as a function of rotation about
the normal to the (110) plane. The exit face was polished after being etched.
(b) The same for InP as a function of rotation about the normal to the (111)
plane. The circled points refer to an etched exit face while the others refer
to one which was polished after being etched. The solid curves are the
theoretical angular dependences.
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2. Determination of X14

To obtain the nonlinear susceptibilities we need to evaluate the function L1 in Eq. (22)

and uhen insert the intensities for both KDP and each of the compounds under consideration. The

pertinent optical constants as well as the calculated function, E, are given in Table Ill. Since

the dielectric constants for GaAs and GaP wz:rt obtained from measuring off a small drawing we

would place an uncertainty of about t 5% on these values. The extrapolation procedure for InP

and AISb would increase this uncertainty to a possible ! 10%.

TABLE Ill

OPTICAL CONSTANTS FOR THE Ill-V COMPOUNDS[ I!
InP (I11) GaAs (I11) AISb (1101 GaP (111)

IE 1.26 eV 1.35 eV 1.60 eV 2.24 eV

I '2w 17.9 I *17 15.4 -. 10.6
119

C&I 11.9 -- 11.7 1 IO.• 3"e 9.0

"1 182. 2.1*02w 3.2 2.82. *1 0
k 0.15 0.12 0.10 0I2w~ 0.501

2o 4.24 4.16 3.87 3.25

n( 3.44 3.41 3.30 3.00 ,

4
SI 1.8x101 9.4x 10' 3.5 x 10 I 5.2x 103

"Ref. T. S. Moss, Optical Pmperties of Semiu.Conductors (Acad. Press. 19i9)

p. 224.

"Ref. H. R. Phillipp. H. Ehrenreich, Phys. Rev. 129. 1550 (1963.1.

The values of the complex dielectric constants for loP and AISb were obtained
by linear extrapolation using the measured values for GaAs and GaP.

The measured intensities for both the monitored laser frequency and the harmonic, to.-

gether with the calculated susceptibilities are displayed in Table IV. The corrected X 1 values
refer to a correction for scaLtCtrg losses at the exit surfaces where the harmonics were gener-

ated. This correction, which is of approximate nature, is based on the observation that the

monitored intensities for our samples were smaller than they should have been if the only loss

of the laser beam traversing a sample was due to reflection at both surfaces. We assumed that

there were no losses in the bulk, 1 9 that the monitor losses were equal at both surfaces, and

that the losses were the same at the harmonic frequency as at the laser frequency. Con,.-rqu-enzly,

we were able to calculate the losses at the exit surfaces and have inserted these corrections in
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the table. We lit both values of x:, duc to the uncertain nature of this correction. The larger

uncertainty in the result for AISb isdue to tie poor surfaces of thiý material

We also include in Table IV all of the previous measurements of X 1.4 Within the large

experimental uncertainties there is agreement for cryvtsak- studied by more than one group.

IABLE IV

MEASURED INTFN.3ITIE.S AMND LAI.C.I LATED S!SCFPTlIIJ.1TIFS

InP GaAs AISh GaP

2, 2.2 + .4 volts 22 2 volts 1.1 *0. volts L8 + I volts

+WKDP 22 - 4 22 4 21 1 20 2"

Str)4
""1w 12 ± I my 23 + 3 my 12 -6 my 9v 2 my

40KDP 0+ 4 40 t 4 28 - 6 36 2"

SL.06xl0 6 esu½ 3000) 6.21,1"'esu(- 30%' 0.1 esu1 750.) 0., 26x1

C 0.761 1.07 0.25 0.18

""XB- 1.20 (-50%) - -

- I -
1.4

• "XG 0.87- -

I X1.53; (450%) - 0.25 '(.s%)
.L----__ _ _ _ _ _ _ _ _ _ ~-J--- -. ... ... .. .-

t Peak intensities as measured on oscilloscope with 10 kSi load.

* Ref. N. BI.in.cabergen, R. K. Chang, J. Ducuing. P. Lallemand (presented at Semutconduck-.r Phy%,t % C onier.,
Paris, 196,4).

Ref. NI. Garfinkel. W. E. Engeler. App. Phys. L.etk 3. I'm (1960)
(Note: Authors erroneously give value of 2.6x 1r c-su; using their darn and formula, we abraine,I ).8H' ,cr" r.u).

"" Ref. R. A. Sore. It. W. Moos, J. App. Phys. 35. 2152 (1964).

E. DISCUSSION

Second harmonic generation in four members of the [Il-V family of semiconductors (inP,

GaAs, AISb, and GaP) was observed for excitation by a Q-switched Nd • glass laser. We have

observed this radiation for the first time in AISb anti InP. Since these substances are opaque .t1

the harmonic frequency, the emission was generated in the surface layer of - a000-A thickness

at the exit faces of these crystals.

From the measured inten,-itics we have calculated the nonlinear susceptibility coefficitent

of these compounds. For GaAs ant- GaP, which have been studied before, our values are Within

experimental error of those reportel prc-iously. The large discrepancies between the theoretical
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curves for the orientational dependence of the harmonics and the experimental points is probably

due to irregularities and inhomogeneities in the surface structure which would cause deviations

from the bulk crystal symmetry in the very thin radiating layer. The bulk symmetry is still re-

markably preserved within a thickness of "- 1000 X of the surface. The fluctuations in the har-

monic intensities from successive laser pulses is probably due in a large measure to the corre-

sponding variations in the coherence prupctieb of the c•mipic'x muluimodal laset emission.

Consequently, it avpears that the method which should be employed to obtain the most accurate
value of the nonlinear susceptibility would utilize a focussed continuous gas laser for the
excitation source. Since gas lasers can be operated in relatively simple modes this would elimi-

nate coherence fluctuations. For a 0.1-watt laser focussed to an area of 10'6 cm 2, the power
density would be equivalent to that used in our experiment. The use of a narrow-band lock-in
amplifier arrangement would iacrease signal to noise by almost a factor of 1000 over our values.
The only difficulty would be the greater complexity of the analysis of the propagation of a
highly rnnueruent bnm in -% nhnein.mar medb~ti

Our results can be analyzed in terms of the quantum mechanical treatments for second
harmonic generation in insulators and semiconductors developed by Butcher and Mcl.ean 20 and
Kelley,21 among others. Soref 1 3 and Soref and Moos" have derived from the above treatments
relationships between band structure and the nonlinear susceptibility coefficients. For a sim-
plified model consisting of spherical conduction and valence bands having equal effective
masses, assuming vertical electric dipole transitions at k = 0, the above-mentioned investigators

fou.i . ,ta ...e .oa.i..car susceptibility depends strongly on the parameter (Eit -2hr4!h. They
found very good experimental agreement with this dependence for the alloy system CdSc-CUS-
ZnS which has band gaps varying from 1.71 eV to 3.56 eV, and for which this parameter varies
between - 0.59 and 1.04 for the Nd 3' laser. The most interesting feature of both the calculated
and measured susceptibilities is that as (E 9 2hAn (tw decreases from I to 0, X increases
slowly. However, when E. - 2hu the increase of X with a decrease in this parameter becomes
much greater and continues to rise steeply for the smallest band gap material that Soref and Moos
studied. Our value of x,4 for GaAs, AlSb, and GaP can also be fitted by the curve derived by
Soref and Moos. In fact, to do so, we must assign to AISb a direct band gap of 2.3 * 0.3 eV, a
parameter which has as yet not been measured directly. Hence, for these materials, the simple
band structure model is adequate for explaining our results. However, our value for X1 for In!',
as well as those obtained by Bloembergen et al. 1 for GaSh, InAs and lnSb are much smaller
than predicted by the dependence of X,4 on (E - 2h,)/hw. In fact, the nonlinear susceptibility
appears to oscillate about an approximate value of 1 x 10'6 esu for values of the above parameter
smaller than -0.9. To explain this behavior as well as the dispersion in X14 measured by
Bloembergen et al. will require a more complicated band structure model than has been used so

far.
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III. FREQUENCY MIXING IN SEMICONDUCTORS

A. INTRODUCTION

Magneto- and electro-optic effects have usually b-en studied where the F- and li-fields,

are statically applied and an incident radiation field merely causes electronic transitions between

levels. In scmiconductors and insulators, the intrinsic absorption edges are displaced by the

application of static E-fields of approximately 10- cm When an external U-field of approximately

10" gauss is applied to semiconductors, the valente and conduction bands split into Landau

levels and oscillatory-absorption structure is observed. The electronic nature of these effect-r

would indicate that if high optical E- and U-fields are incident upon a semiconductor, the radia-

tion field could cause a mixing of levels as wt-ll as electronic transitions bvtvcEin levels with

the consequence that the real and imaginary parts of the absorption could respond to the differ-

ence frequency due to tie presenceo0 t, u opticai i' ,.i t--' i t,1,1ti i II il t- fit . . t

the absorption edge of the semiconduttor. The possibility of observing such nonlincaritices was1

discussed in a previous publication. 1

While instrumentation was being assembled to study this type of itonl inear interact ion.

observations of optical frequenry-mixing in bulk CdSc-:: were reported- In these experimentsn.

the axial modes of a ruby laser were mixed to obtain microwave power in the I to - Gc st-t region

The microwave power was found to be proportional to the shqutle•l 1 f the Eaplied bia.-nd tht in-

cidenr intensity- This was also indicated in our work- The frequency-mixing could possibly be"

in(trprcted as a manifestation of the previously proposed nonlinear interbtand field eftk-ot- tJOw-

ever, since the axial modes overlapped the bandgap. the resultant carrier ge ne'ration ratc, k.u.Id

be modulated at the difference frequency and the application ,i a ton.stant ele' tit field to ;:i "

sample could cause microwavc power to be radiated: consequentlv.y the observed cffrtc could-,• K

interpreted in terms of a photoconductivemechanism rather than in terms of a nonlIinc.tr eiitterband

effet .

It can be shown that in the case of mixingproduc ed by shifuing of the band edge by a

high-frequency E-field '[he shift of the band edge is independent of the di rer tion of th- k-field).

it would be necessary to apply an external bias field to obscrve the dtffere-nt v freiurt-,, v [I-h

expected power at the difference frequenc) would be proportional to the squarte of the- bi.as f:-l

and thle incidcnt intensity, thus. both phorornsxing an, thc mntc-band mixing w:i! !:aMI- !::-.o,

mon feature. The power produced by photoconduct ivc- interac(ions would, ho,%.te.-r. also be Sell-

sitive to the mobilities and lifetimes of the generated carriers w- hile thenonlinc-ar intrbaind c-fft-t r

would be insensitive to these parameters. in addition, the latter interaction is xpcet tcd to, be.

relatively independent of the frequency difference between the- t-o int idhnt monochromat (it k•t-a ri.

while the photomixing process would be markedly frcquency-dependrnt
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To understand the mechanism responsible for the frequency-mixing in CdSe these obser-

vations weie repeated and extended to Ge, GaAs, and Si using a r-Thy and Nd laser with each of

these substances. Since these different laser sources overlapped appreciably different regions of

the band edge, a on!linear interband effect would yield differences in microwave output for each

source while for a photoconductive mechanism little difference would be anticipated.

The results obtained from these experiments substantiate the interpretation that the ob-

served effects were due to photoconductive mixing and nor to any nonlinear effects associated

with a shift in the absorption edges in these substances- This conclusion is also substanttated

by other work. 2 2 "2 5

Concommitant with this phase of the work a study was made of the frequency-tuning of

GaAs lasers by uniaxial stress. The initial results of this study were published. 6 a reprint of

which is included in Appendix 11. It was demonstrated that the frequency of a GaAs injection

laser wouid be readily tuned through 117? uz itI fequE-cy. TI AsUc Of"r-

shown to be a useful parameter for studying the nature of electronic transitions- involved in the

emission pcocesses from semiconductors. The work on frequency-mixing in semiconductors and

stress-tuning of injection lasers indicates the possibility of producing tuneabie power at high

microwave frequencies. This could be realized by mixing the frequ-vncies; of two differe.,t !Users,

one derived from a stress-tuned diode chc other from an unstressed source on an appropriate SCemi-

conductor. This work is discussed in the final part of this report.

B. EXPERIMENTAL ARRANGEMENT

The difference frequencies produced by the mixing of the axial modes of a ruby or
Nd " :CaWO4 laser in CdSe, Si, GaAs, and Ge were coupled to a coaxial transmission line and

detected by conventional rf techniques. The optical lasers employed were of the non-Q switcht-d

variety: peak powers in the neighborhood of 30 to 100 watts were incident upon the- material s.

The sample dimensions were 2 , 2 - 0.2 mm with the surfaces facing the inchient laser beam etc.hed

with appropriate low surface recombination etches. The semiconductors were connect'ed be-twt-e-n

the central and outer conductors of the coaxial transmission line by rmeans of nickel tabs which

were resistance-soldered to the semiconductors A biasing field was applied acro%s the 2-mmn

length of sample by means of dc-blocking capac~tor. A high-pass rf filter was placed be-tweenl the

coaxial line and the rf-detectingsystem w., MIock the low-frequency photoconductive signal con-

ductors and to pass the microwave signal initiated by the laser pulses- The microwave power was

detected by a crystal detector or spectrum analyzer depending upon the appropriate levels iof micro-

wave power. The power was determined by the use of calibrated attenu.t1ors. The ruby laser L ry--

tal was 7.8 cm long; if one takes the index of refraction (n 1.76) for ruby, the predicted axial

mode separation \A - c/2 n L 1.092 - 109 cps. which compares with the lowest detectcd beat

frequency of 1.064 109 cps. The Nd "' laser was a CaWO 4 crystal containing 1; Nd and was
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5.06 cm long. The predicted axial mode separatimon was 1.4 - 101 c)pr while thenbsvrved axial

mode separation was 1.517 . 10" cps The obser.ud andpredicted mode separations are in rea-

sonable agreement considering the errors in n and L.. The Nd" laser had a sufficiently low

threshold so that it was possible to operate it at a repttition rate of I per 3 sec as compared to

I per 20 sec for the ruby laser

Figure 9 shows the block diagram of the experimental arrangement. So as not to heat the

sample at high bias fields or when using low-resistivity samples. the bias fields were applied in

square pulses only during the time when the laser signal was on- The laser flashlamp and relay

for the bias were triggered from a common source with a variable delay amplifier in the bias chan-

nel so as to enable the field to be applied in approximate coincidence with the laser signal. When

measurements as a function of hastr intensity were performed, the flashlamp voltage was kept

fixed and the light incident upon the samiuplcs was attenuated by calibrated wire mesh and neutral
density filters. The laser output was monitrored by reflecting a portion of the beam into an RCA-

7102 photomultiplier. The monitored iaser signal and generated microwave signal were each dis-

played on the channeiF cf! dual-beam oscilloscope.

S AMPLE

LASER-Sxm ----- C IG CT"

LASy~ER BISU W..ECTR

Fig. 9. Schematic diagram for detecting microwave beat frequencies.

"The schematic diagram of the pulse amplifier, time delay amplifier, and relay circuit for

trigger the laser flash lamp and bias circuit is shown in Fig. 10. The reed of the fig relay had a

delay of -- 10 3 seconds but with less than a microsecond of timc-gitter. The pulse delay circuit
was made up of three identical channels, each with a variable delay time from 20-WO0 j, seond,

which could be used in series. Thisdelay rime together with the delay between the exciting of the

flashlamp and the initiation of the laser spikes were -ufi' lent to enable time toincidcnce to be
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obtained between the bias pulse and laser signal- The pulse amplifier and pulse time delay cir-

cult excluding the relay circuit were also successfully used to trigger two independent lasers and

obtain time overlap of the laser signals.

PULSE AMR

si I ON PULSEt TIME111 DELAY- III CHANNEL)

101
AuT S&L? 240 SxCoox 3* ge

MAN.. S i.

Pa-t
AUTO5 IO 0.005wx

4 G-001 oli÷0K

MAN~~5 Ca4'' ONU0.

0j 1 PP

I-OK I0

Fig. 10. Circuit diagram of puls. amplifier, time delay amplifier and
relay far triggering laser and bias.

C. EXPERIMiENTAL RESULTS

Typical experimental results for GaAs with a ruby laser are shown in Fig. I Ia. T"he upper

trace shows the laser output as monitored by the photomultiplier and the lower rrace Nhows the

rectified microwave signal. The duration of the microwave spikes were of the order of ICE"" seconds.

The frequency width of the microwave 4;gnal was of the order of I NW/sec as measured t ich the

spectrum analyzer, indicating that the width was determined by the Fourier components of the

laser spike modulation. It should be noted that there are very few microwave spikes compared to

laser spikes without direct correlation of the intensities of the respective signals. The fact that

mixing does not occur for each coherent burst of the optical signal indicates the likelihood that

spatial and temporal coincidence is not realized for each of the axial modes. Due to the random

nature of the ruby and microwave signals, a great number of points were t'aken for a given ex-

perimental condition to obtain an average signal.
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(a)

(b))

(c)

Fig. 11. Correlation between microwave and exciting laser signal.

a. The upper trace is the ruby laser and the lower trace is the 1 064-Gc signa:
from GaAs with sweep speed of 100 i seccm-

b. The 1.53
7

-Gc signal from Ge excited by a Nd laser; the upper 'race shows

the microwave signal while the lower trace dirplays the loser signal with

sweep of 100 P see; cm.

c. Same experimental condiuions as (b) but with sweep of 50/p sec/cm.
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The rf signals were found to depend upon the impedance mismatch between the samples

and the transmission line. The dc resistance of the GaAs samples was - 10 megohms. At high

light levels where the photec:onductivity was large compared to the sample dark conductivity, the

amount of mismatch depended upon the light levels. The microwave signal was optimized by use

of a double-stub tuner in such cases.

The microwave output power for GaAs with the ruby laser as a function of light intensity
and bias are shown in Fig. 12. It is seen that within experimental error, the signal varies as the

square of both the bias field and the intensity. I he absolute value of the signal was found to be

sensitive to surface treatment. Marked increases in signals were obtained when the surfaces

facing the incident laser beam were etched with an appropriate low surface recombination etch.

All the surfaces of Ge, Si, and GaAs used in these experiments were so etched.

RELATIVE LASER INTENSTT

gO*T I I

RUBY LASER WITH GOaAs

DIFF. FREQ.-L064 t10 cps

A-OUTPUT POWER v SIAS
B -OUTPUT POWER vs ZNT.

I-i -

! -
E6

~A -A

10 l0o 103 IO4

IIAS-(Vo LTS)

Fig. 12. Microwave power output vs. bias and laser intensity
for GaAs with ruby laser.

The I.,- -!sec signals from Ge using the Nd:CaWO 4 laser are shown in Fig. llb; the

upper trace shows ihe microwave signal while the lower trace shows the laser signal. A time-

expanded scale under the same experimental conditions is displayed in Fig. lIc, where again it

is seen that there is no direct correlation• between the intensity of the microwave and laser signals.
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The peak microwave power for Ge with the Nd ý' laser as a function of bias is shown in

Fig. 13. The signal varied as the square of the bias voltage up to approximately 200 volts beyond

which value it breaks into a sublinear dependency and approaches a saturation value; the bias

was applied across 2 mm of the sample, i e.. the field at whi:ch the bleak occurred was 1000 V -cm.

Although the sample resistance was 500 ohms. the bias was applied ftrr a time duration " 10"1

seconds to obviate excessive joule heating of the sample. Sint•e tie Nd ':CaT•IO laser cou'ld-.t be

operated at a repetition rate of I/3 sec. the taking of a sufficient number of data points to de-

lineate the shape of this curve was greatly facilitated.

[ Nd LASER WITH Oe
DIFF. FfREO_- 1.537 ia -

,o-_

It

to lo1 t

BIAS - (VOLTS)

Fig. 13. Microwave power from G* with Nd 3 ' loser
as a function of bias.

To further explore this saturation effect observed in Ge. measurements- wetre rmadc on thOe

mixing in Si with a ruby laser. The Si samples were compensated and had a room temperatur"

resistance of approximately 10,000 ohms. The output signal versus hi-as ,turves -it WO K and

78'K are shown in Fig. 14. These results show a quadratic dependency of thc: signal on bias for

fields up to 1000 V/cmi after which th')y again tend to saturaw as with Ge. The increase in out-

put power by a factor of - 400 for the sample temperaturc of 78'K relative to that at 300':K should

be noted. The sample resistance was - 10.000 ohms at 300"K and increasvd to more than 101)

mcgohms at 78"K. it is unlikely that the saturation of the signal at thehigh fields is caused by

an increase in temperature of the Si samples duc to joule heating as was the possibility with the

low-resistance Ge samples.
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Equivalent data on the bia., and intensity dependence of the signal using both the: ruby'

laser as well as the Nd laser on Ge were obtained; the output power was approximately the same
.i. both cases. Since each of these frequencies lie at appreciably different points of the G a-
sorption edge, it seems likely that the frequency-mixing is due to a photoconductive process anti
is not engendered by nonlinear effects due to the shift of the band edge. A comparison w'as a21No
made of the relative power outputs at the first, second, and ibird difference frequencies of the Nd
modes on Ge with the result that the output signal was found to be proportional to the inverse
square of the diffeience frequency. These results further indicate that the frequency mixing is
due to photomixing effects.
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D. THEORY OF PHOTOCONDUCTIVE FREQUENCY MIXING

The qualitative features of the exp-rimenral results reported in the previous sect-ion seem

to indicate that the frequency-mixing in these semiconductors can be interpreted in terms of a

mechanism involving pair creation by the axial modes of a laser. In this section. we shall develop

the theory for aphatoconductive frequency-1 nixing process and shall then compare the theory with

the observed results. This problem has also been treated by a number of authors- 23.25

When two monochromatic beams of slightly different frequencies are incident upon a semi-

conductor where electron.-hole pairs can be photoexcited. the generation rate of free carriers will

contain frequency components made up of the sum, difference, harmonics, and dc components of

the incident frequencies. The mixed frequencies result from the fact that incident light intensity

will be proportional to the square of the sum of the incident fields. In the case of optical i's -

quencies, one can neglect the contributions of the harmonic and sum frequencies since the gen-
erated minority carriers cannot respond ro rhese freqe-nrwes Consider tw^ ;I.. .o..i'-:.-.a

monochromatic optical beams of photon energies h, 1 and h'.,2' spatially and temporarily coin-

cident upon a semiconductor surface of area xy and absorption coefficient K- The rate of gentra-

tion of electron-hole pairs at depth z can be calculated from the continuity equation:

dN(z,t) K F F2 2 F e e" (]

dr 2 2 e

where r is the minority carrier lifetime, 6 1  -- '-'-. and F and F. are the corresponding f(Iot-s

in photon/sec/cm2 of the respective beams. Performing the integration with respect to t we

obtain:

Kre k ZIF . FF1 2KtK/1rPe.,. -i,
N(z,t xxy xyll [ i rI. r4

If we allow q to represent the fraction of incident photons effective in creating electron-hole

pairs within the bulk of the semiconductor, the integration over z can he performed by replac ing

the terms KeCkz by r. if we take the real part of Eq. (24). we obtain

ryj[Ft. F 1 2,1 l /F IF2 cos i,,t.- )
N(x xy l I (y 2I r)21J '25)

where c tan-
I.,,



When a dc bias field EB = v/x is applied to the sample a current I = N fp EI yz will flow

which is given by

= rpeye[F +F 21E5  2rp ei cos (cn3 r+ (26)
x x (I + (,a 3r) 21 ?

The first term is the dc photocurreni while the second term is the microwave current. If the sample

output is terminated in a matched load RL, the microwave power at the difference frequency ,,,
that can be radiated is given by

2
Tpel7 P E 1Pw = Y RL (27)

where we have expressed the flux in terms of the total incident optical power of both beams and

<hjca> represents the mean photon energy of the optical beam. The radiated power is seen to be
proportional to the square of the product of the incident power, bias field, and the mobility. If

C3r>> 1, the output power will be independent of the minority carrier lifetime and will vary in-
versely as the square of the difference frequency; while if ca 3r< < I the radiation will be independent
of W but will in addition be dependent upon r2 . For high frequencies where ,,w becomes com-
parable to the lifetime broadening of the initially excited carriers by electron-electron and

electron-phonon interactions, the output power given by Eq. (27) will be further reduced.'

E. DISCUSSION

The experimental results of the mixing of the axial modes of a ruby or a Nd ' laser in Cds,
Si, Ge, and GaAs have the common feature that the microwave output power is proportional to the

square of the incident optical intensity and bias fieldand i. inversely proportional to the square

of the difference frequency. However, the absolute yields of the microwave power for a given

optical power, bias, and frequency vary from substance to substance. These observations are in
qualitative agreement with the theory for photomixing.

The quantitative experimental results shall now be compared with theory as given by
Eq. (27). We shall assume that a 3 r»>I> in Ge, Si, and GaAs which seems reasonable for the
reported minority carrier lifetimes at these substances; q will be taken as 0.5 for all three semi-

conductors, which is equivalent to the assumption that the intrinsic quantum efficiency for pair
creation is unity and that no surface recombination of the generated carriers occurs, and qj is
therefore determined by the reflection losses which are approximately 50% for these semicon-

.c..rs. 'it will futdzv. u t c 6C atc u ,umed that 4,O axial modes of equal intensity contribute to the

optical power in both the ruby and Nd 3' laser.
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For Ge with Nd, taking p m 3600 cm 2!/V-sec and a bias field of 102 V!cm, Eq. (27) pre-

dicts a power output of - 2 x 10-4 watts as compared with the observed value of -- l0"4 watts

shown in Fig. 13. The predicted signal for Si with ruby using P = 1000 cm 2/V-sec and

E B= 102 V/cm is 10- 4 watts at 3000 K, as compared with the 2 x 100' watts given in Fig. 13.

The increase is signal by a factor of 400 for Si in going from 300'1 to 780 K can be understood

on the basis that the mobility increases by a factor of 10 for this temperature difference. 28 The

observed signal from GaAs with ruby in Fig. 12 is 8 x 10-4 watts as compared with the predicted

value of 3 x 10"5 wacts for • = 3000 cm 2/V-sec and E. 1  103 V/cm. Thus we see that there is

reasonable agreement between the observed and predicved microwave power. Since the reasonable

assumption was made that cu 3" > 1 in all these materials, the major difference in signal seems

to be accounted for by the different mobilities. The influence of minority carrier mobility in de-
termining the absolute values of the signal seems further substantiated by the saturation effects

observed in Ge and Si at high bias fields which occur at '- 1000 V/cm where the drift velocities

tend to saturate. 29

The results of the optical frequency-mixing for the conditions of these experiments arc

in substantial agreement with the results expected for a photomixing mechanism. The possibility

of observing optical frequency-mixing via nonlinear inrerband effects in semiconductors still

remain to be investigated. However, the relatively high yields observed in the present work

indicate the feasibility of extending these measurements to high frequencies. Work toward this

end using injection lasers is discussed in the final part of this'report.
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IV. FREQUENCY TUNING AND MIXING USING INJECTION LASERS

This work was partially supported by the contract funds as well as by RCA Laboratories'

tunds and was pursued in collaboration with D. Meyerhofer of this Laboratory.

A. INTRODUCTION

Although presently available injection lasers have output powers of the order of watts,

the power density in the neighborhood of the emitting junction is relatively high, thus warranting

a consideration of the nonlinear processes that can take place in these materials. In the section

on double-photon absorption (Section I-C), we have shown that this process can set an intrinsic

upper limit to the output power obtainable from such devices. In addition, iE is possible to observe

internal second-harmonic generation in GaAs as a consequen~cc of the high internal power den-

sities. ii Despite the relatively low total output power from such lasers, the fact that such

sources can be used at relatively high repetition rates or in a cw fashion can be an appreciable

advantage in narrow-banding the measurements for improved signal-to-noise in these studies.

In this phase of the program, a study was made of some of the characteristics of GaAs

injection lasers that are pertinent to frequency-mixing operations. The modal structure of the

laser frequencies and the output power from diodes fabricated by various techniques were ex-

amined. It was demonstrated that the frequency of GaAs injection lasers can he readily tuned

through 0.5% of its frequency by the application of uniaxial stress. The use of uniaxial stre-ss
was also shown to be a useful parameter for studying the nature of the electronic transitions

involved in the emission process.

The study of the photoconductive mixing in semiconductors at I Gc/sec (Section 11I) has
indicated the feasibility of producing tuneable power at much higher frequencies. This could

possibly be realized by mixing the frequencies of two different injection lasers, one frequency

derived from a stress-tuned diode, the other from an unstressed diode in an appropriate srnii-

conductor. Progress toward this end will be discussed in this part of the report.

B. FREQUENCY-TUNING BY UNIAXIAL STRESS

The energy levels and, consequently, the frequency of the light emitted by a solid can
be changed by stress. Use or uniaxial stress for changing the laser frequency has the advantage

over other methods (hydrostatic pressure, 30 magnetic field3 l), in that the auxiliary equipment

can be ntade simpler and smaller. In addition, the application of uniaxial stress to semicon-
ductors generally splits energy levels which are degenerate in the absence of stress and so can

be used as a means of identifying recombination processes. We have studied the effect of uni-

axial stress on the frequency spectrum of spontaneous and stimulated light emitted from GaAs
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!aser diodes, and have obtained preliminary infoiiration about the nature of the electronic transi-

tions responsibc for the emission in such diodes. In particular, different emission processes

seem to be taking place in diodes made from different materials.

The experimental arrangement is shown in Fig. iS as is the crystallographic orientation

of the diodes used. The compression is applied perpendicular to the plane of the junction which

is a (100) plane. Other orientations would give additional information, but suitable diodes were

not available. The diodes were in the shape of parallelopipeds, with :ypical dimensions of

0.6 x 0. 16 , 0. 10 mm, and had cleaved sides.

APPLIED
PRESSURE

INSULATOR AND [)i 10
PRESSURE DIFFUSER

Au FOIL[

FOR CONTACT

ELECTRICAL-"
CONNECTIONS

LASER CRYSTAL
, WiTH P-N JUNCTION

SUPPORT PLATE

Fig. 15. Experimental arrangement for the compression measurements;
the crystallographic orientation of the GaAs diodes used is
indicated at the right.

The effect of uniaxial compression on the coherent emission of a typical laser diode is

shown in Fig. 16. The emission lines are not single resonant modes of the diode, but rather

envelopes of a number of such modes. Unfortunately, samples small enough, -so that individual

modes could be resolved (separation of 2 X for the longitudinal modes), were too fragile for

stress measurements. Both shifts of the location of the envelopes with uniaxial stress as well

as "moding" from one set of envelopes to another have been observed. These frequency changes

are not necessarily linear with stress, as can be seen in Fig. 16, where the curve at the highest

stress lies between the other two. The maximum shift of the laser line in this diodt. W.t-. 20A

or 0.25% in frequency. In some diodes it was found that the envelope curves narrowed with in-

creasing stress, suggesting that fewer modes "lased" under this condition.

The results for coherent emission varied from diode to diode since they depend on both

changes in the emitting transitions, as well as on changes of the resonant cavity. The interpre-

ration of the data is therefore more complicated since it requires the knowledge of the individual

cavity modes. We therefore also studied the inroherent light emission which s-;hould only depend

on the electronic transition.
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Fig. 16. Recorder trace of the coherent emission line from a GaAs diode at
three different stresses. The curves are displaced vertically for
clarity. The linewidths are due to hte unresolved nodes.
(Instrumental resolutioa 11.)

The shape of the incoherent emission line was found to be independent of the applied
stress, and the only variable is the frequency of the light. This change of energy is plotted in

Fig. 17 as function of the uniaxial compressive stress for three different diodes. It is clear that
the three diodes, which were made in different ways, show very different behavior: the frequency

of A increases linearly with stress, while B and C show saturation and even negative changes..

Other diodes, made in the same way as A, B, or C, do reproduce the respective curves. It should
be noted that frequency shift of diode B is the same for coherent and incoherent emission.

Diode A was made by solution-growing an n-layer with a doping of - I 101 8/cm' Sn
atoms on a crystal with 1 x 1019 Zn atoms/cm 3 , with subsequent diffusion to form a gradled

junction. This diode did not "lase." Diodes B and C were also marde by solution growth and

diffusion, but the grown region was doped with both Sn and Te to a total concentration of
1 x 10 1 8/cm3. They were grown on two different crystals with approximately the same doping.

All such diodes showed lasing behavior, with the lasing frequency at the peak of the incoherent
emission. The peak of the emission of all three kinds of diodes was located at approximately

the same energy (1.47 eV).
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PMg. 17. Shift of the Incoherent emission line from three typical GaAs diodes
with uniaxial compression stress at 78rK. The indicated spread of
the individual data points represents the variation of the results of
all the measurements made at a given stress.

If the emission is due to band-to-band recombination or recombination via an exciron,

then one can calculate that the emission line is both shifted in its average value and split due

to strain. 32 For simplicity we shall assume that the band structure of GaAs at k 0) is similar

for that of Ge and. consequently, shall employ the theory ats was developed for Ge. 33 For the

crystallographic orientation used in our experiments, the mean energy shift is

F.r- (uy DV) 100 (28)
d d C1 1 *+C2(8

and the splitting

2A - 4/3D TDI, (29)
C11 2 C12

in the notation of Kleiner and Roth.33 T is the applied stress. The quamniry (1) D') for
GaAs can be determined from tLe effect of hydrostatic pressure on absorption me.surtvrnc.nr 3 4 or

from emission measurements 30 or from the effect of shear stress on the absorption. ) 5 The
various values average out to 9 - 2 eV. The quantity D. has not been measured in GaAs. Values

for germanium are estimated at 0.3 eV,S2"36 and we expect similar values to apply for GaAs

because of the similarity of the valence band structures of the rwo materials. In that case 2N

becomes 1.5 meV for 2.5 x 109 dyn/cmt. our largest stress.
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Diode A (Fig. 17) does appear to foli;v the behavior predicted by Eqs. (28) and (.29).

The energy changes linearly with stress and no splitting is observed (1.5 meV would be too

small to observe). We can calculate (D' - Dv) from the slope of the straight line and the known

elastic constants 3 7 and we obtain a value of 12.5 ? 2 eV in agreement with the previous measure-

ments. This suggests that the transition in diodes of the type A is either a band-to-band transi-

rion, or a transition to an impurity level which is tightly bound to one of the bands and does not

split substantially under stress.

On the other hand, the behavior of type B and C diodes can certainly not be explained by

the simple model. Rather, the emission appears to take place between energy levels that are

more complicated. These may be shifting relative to the band edges or more c...!icated split-

tings may occur. A detailed interpretation of the nature of these centers will require further

measurements on diodes with different dopings and stress orientations.

We have shown that uniaxial compression will shift the frequency of a GaAs laser by a

substantial amount. We expect other injection lasers made from lii-V compounds and alloys to

show similar shifts, since the deformation potentials are expected to be of the same order of

magnitude. Furthermore, uniaxial stress has been shown to be a very sensitive tool for studying

the electronic transitions in light-emitting diodes.

The above measurements were made by employing a mechanical structure whereby a

compressional force, through a rod and piston arrangement, was applied to the diodes which were

immersed at the bottom of a liquid nitrogen dewar. Because of a certain amount of unavoidable

friction between the piston and retaining cylinder, there is uncertainty of approximately 200; in

the stress values, which led to scatter in the data and a consequent uncertainty in the frequency.

In order to obtain more detailed measurements to elucidate the natureof the optical transitions as

well as give finer frequency control, more refined stress equipment was designed and tested.

One structure comprised a piezo-electric crystal and laser diode clamped together, en-
abling the force to be applied by electrical means; this structure allowed a fine control Ef the

frequency of the laser diodes by remote control. In order to measure the resultant stress, another

piezo-electric elem..n." was included between the anvils containing the diode and stressing

crystal. Although the above structure performed satisfactorily at low stress values, it could not

be used at high stresses.

A structure employing He gas as the stress transfer medium was finally designed and
tested which yielded satisfactory results. In this arrangement, shown in Fig. 18, the stress to

the diode is applied by a piston-like arrangement which comprises a thin copper membrane under

hydrostatic gas pressure. Extremely fine control of the stress is possible by control of the gas

pressure from a tank external to the laser dewar.
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Fig. 18. Schematic diagram of uniaxial stress apparatus.

C. PROPERTIES OF GaAs LASERS

Since little information was available regarding the modal structure, frequency stability,
and power output for the diodes used in this work, some detailed studies of these characteristics
were undertaken. The GaAs diodes were prepared by If. Nelson of these L.aboratories tither by
diffusion or by solution-growth techniques; the more efficient diodes were grown by the latter
technique. They were in the shape of rectangles, typically 0.02 -, 0.05 cm, with the shorter sides
cleaned, the others sawed. The diodes were soldered onto copper or molybdenum holders which
served as structural supports and a heat sink.

In frequency-mixing applications, it is necessary that rhe frequency of the emitted light,
or the modes that are excited during lasing conditions remain constant with time. The driving

pulse height was limited to a value which did not cause heatinr, so that the frequency distri-
bution did not change during the pulse; this frcquently has mneant short pulses (less than I-jIt-c
duration). The power output of many of these diodes were -- 100 mW with efficiency of -- 1lC.; for
these measurements a photomultiplier calibrated with a calorimerer was used. Improvements with

respect to material and mounting procedures have enabled cw operation. In such cases, we ha'."c
obtained freedom from frequency drift when the sample temperature reached a steady-state value.

The diodes varied considerably in their response, even for samples cut from the same
waier. Two of the quantities most easily measured were threshold current and efficiency of

radiation at liquid nitrogen temperatures, and these quantities do not vary much among good

diodes. When the light output as function of direction (far field pattern) was investilzated, a
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large amount of variation was observed. However, for diodes that had good resonant cavities an
almost ideal pattern has been observed, which can be explained simply by diffraction effects of
light emitted from a slab. The diffraction pattern is sketched in Fig. 19. The diode is represented

Fig. 19. Sketch of the far-field pattern of a GaAs diode with the
simplest possible mode structure (diffraction effects).

by parallel light passing through a slot (the intersection of the active Junction region with the
crystal surface) of length a and width b. The length can be as long as, the crystal Ia4we if the
entire junction is oscillating in phase. The width will be related in a complicated way to the
junction thickness.30 The diffract ion of the central maximum is given by

sin~A -2 =A'
2 a

(30)

/A

sini

2 b

A far-field picture of a GaAs diode is shown in Fig. 20. The central maximum is given approxi
mately by a = f 90, so that a' 5id . b 1.2. The length a I-, about one half of the actual
width of the so Thar-rhe coherence region covers a large fraction of the jiunctions.
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Fig. 20. Far-field pattern of GaAs laser diode.

D. MODAL STRUCTURE OF GaAs LASER EMISSION

The physical dimensions of a GaAs diode are very small compared with those of cry:stal
or gas lasers with the consequence that the frequency separations are large in injection lasers.

The distance between the reflecting mirrors is the length of the optical cavity i , and it primarily
determines the mode structure of the laser. The frequency, v, of the possible modes is given by
the rel ztionship

Av= I d8 C 1 (U)

where m is an integer and n, the index of refraction. The frequency diffrrence bctween adjacent

modes is then given by

Av 1 dp = C 1 (C2

or in terms of wave numbers

C 2,C n÷ 4
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For GaAs at 8400 A n is 3.5 and -!0n -,, 1. . 39 This shows that the wave number ol the dii-r dv

ferenc--irequency radiation produced by mixing of two adjacent modes is inversely proportional

to the cavity length. For gas lasers A/c isof theorder of 10,2 cm"1 or 300 Mc, for crystal lasers

one order of magnitude higher, while typical injection lasers have the value A/c = 3 cm" 1 or

100 Gc. This shows that mixing of modes of a single GaAs laser should produce radiation in the

millimeter wave region.

To assess the mode structure, the intensity of the emitted light was measured as function

of frequency; for most of the measurements a Perkin Elmer 112 grating spectrometer was employed;

the resolution of the instrument was not sufficient to completely resolve the individual modes in

most cases, and only a general indication of the number of oscillating modes can be obtained.

Most of the available diodes have lasing modes distributed over "- 10 X (0.1% of the frequency)

without any smooth distribution of intensity.

I'sMO j.cta.A mean-...-o-,m-ntc on one died-- have, hKeen taken with a larrel-Ash spectfometer

of much higher resolution. The result of one run (at 4.2 0 K) about 60% above threshold is shown

in Fig. 21. At least 40 lines are observed. They fall into two groups of modes with equal spacing

of 1.3 X between lines. The longitudinal mode spacing for this diode (0.56 mm wide) is calculated

to be 1.25 A, which confirms the assignment of the lines. These same cavity modes are also

observed below threshold in spontancous emission. There the intensity distribution of lines is

considerably smoother.

100%-

STYNONGST

PiGLINIE

0%
S40410 MOO(A)

Fig. 21. High resolution spectrum of GaAs laser.
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E. MIXING EXPERIMENTS WITH LASER DIODES

The experimental arrangement for producing frequency-mixing in the microwave region
employing laser diudes is shown in Fig. 22. The two laser diodes arc each contained in separate
dewars, the outputs of which are separately superimposed upon a semiconductor which is ter-
minated in an appropriate waveguide. A single diode can be employed for the 1-3 mm region by
mixing adjacent axial Diodes. When two separate diodes are employed it will be necessary to

SEMITRANSPARENT
MIRROR PHOTOMIXER

GOaAs' DIODES BIAS
IN DEWARS

Fig. 22. Diagram of mixing experiment using two GaAs diodes.

stress-tune one of them to obtain appropriate difference frequencies in the 1-100-Gc region. If
two arbitrary diodes are selected, it is found that the frequencies differ widely under unstressed
conditions upon the doping level. The influence on doping on the emission was investigated, the
results of which were published.40 A reprint of this publication is included in Appendix Ill.

The essential instrumentation for these experiments has been completed and a search
for radiation is to be initiated.
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Observations have been made of the two-phuton excitation of an electron from .he valence to the Con-
duction hand in CdS (E. = 2.5 eV) using a pulsed ruby laser (Aw- 2.78 eV). The radiative recombination
emission from exciton and impurity leve!s suhsrquent to the simultaneous absorption of two quanta o
A0= 1.78 eV was observed as a function of laser intensity anI compared to the emission excited by single-
quanta absorption for photons of Aw> E.. It was found that the intensity of the recombir..ition r:421ialinn is
proportional to !o% for single-quanta excitation and I0o2 for double-quanta excitation, where I$ is the excita-
tion intensity and x is a constant which differs for different groups of emission lines. The observed cross
section for double-quanta excitation is compared with theory utilizing the band parameters of CdS.

I INTRODUCTION nearly the same frequency combine in a solid to produce

A N nsic semiconductor normally does not a third photon, have been extensively studied. The ob-
exhibit any optical absorption capable of produc- serva tion of the above interactions in appropriate solids

;ng electron-bole pairs for photon energies less than the depends intimately upon the coherence of the incident

energy gap. This is true for the light intensities employed light; in contrast double-photon absorption can in

in conventional optical absorption experiments. How- printpipe be observed with a conventional intense in-

ever, for sufficiently high incident intensities oi photons ii,.ciC,,L-,Mt MUILc..18,,, C ,b' h UIU1 I

whose energy is less than the band gap, the multiple- depends upon the square of the incident intensity, this

photon excitation of a valence electron to the conduction intrinsic absorption process is to be considered whenever

band can take place and consequently in principle, a a solid is irradiated with an intense light source of

perfectly transparent semiconductor does not exist! photon energies greater than half the band gao.

This type of transition involves virtual states and does CdS was selected for the present study of double-

not require the presence of impurity levels within the photon absorption primarily because the single-photon

forbidden gap. In ihe present work,' a study has been absorption process has been extensively studied in this

made of the creation of electron-hole pairs in CLIS by substance and it is consequently possible to cotnpare

the simultaneous absorption of two photons produced by double- and single-photon absorption on the same crys-

a focused ruby laser whose photon energy (Aw= 1.78 eV) tal- In addition, one can utilize the band-structure
is considerably less than the CdS band gap (E-= 2.5 eV). parameters determined from single-photon absorption

The absorption was detected by observing the sub- measurements to estimate the double photon absorption

sequent r-combination cmki.ion produced in the region coefficients. We believe that this is the first observation

between 4900 and 5500 A. The experimental results are of a simultaneous two-photon transition 1,cWme.n

compared with a theory which takes the band structure valence and ,ondu lion bands in a semnitonductor.

into a count. Previously, two-photon absorption ha, b-cecn observed

The advent of intense moonochromatic sourtes of I_-tween broad bands in ((Ca,: Eu*u")' anti in .evcral

radiation by mueanN of optical misers has made it experi- polyciviic, aromatik, itnolecular crystals,-M as well a:L

mentally feasible to observe a number of intensity- between discrete atomic levels in Cs var'cr." Recently,

dependent optical interactions in matter which involve intensity-indut-cil optical absorption has also bwen oh

two or more photons. Harmonic generation'-' and served in a number of liquids."

optical mixing,"'1 in which two photons of the same or
_______ . CALCULATION OP TWO-PHOTON ADOPTOI{ ON

t Supported as part of Project DEFENDER under the joint The general theory for two-photon absorption was
sponsorship of the Advanced Research Projects Agency, the Office first given by f3ppe~rt-Mayer."1 The absorption coefli-
of Naval Research, U. S. Navy, the U. S. Department of Defense
and RCA La boratories, Princeton, New Jervy. (ient for two-photon extitation of an electron from the

S A preliminary report of this work was present(d at a meeting valence to the conduction band in tc-ms of the band
of the American Physical Society, 1963 [Bull. Am Phys. Soc. structure parameters in a semiconductor has been
8, 30 (1963)].
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En• energies in the conduction band, intermediate band. and
valence balnd, respectively, as measured from their
extreme. In the above expression only transitions be-
tween states with the same k are considered; i.e., vertical
transitions, and consequently, the finite momentum of
the photon was neglected. If one includes the fact that

]FIG. 1. Schematic the optical matrix elements do not vanish for arbitrarily
At diaram o band struc- small photon wave vectors, one could use a two-band

alcullatue doubl-phtoa model for the calculation. In the present calculation, we
I absorption, have considered only one virtual state, while in fact it is

usually necessary to sum over all passib!e intermediate
I states. The justification for this procedure is that the

dominant contribution to the transition probability
results from intermediate states which are closest to

/ t the final conduction band.
The absorption coefficient K, for photon taw when Aw:

and t&o are simultaneously present, may be simply

derived by Braunstein" and extended by Loudon"' related to the number of A4ft photons absorbed per unit

take into acount the effect of exciton5 on the absorption time per unit volume and is given by

coefficient dose to the band edge. Two-photon excita- 2n I ON, 2n
tion oi impurity ieveis in a crystal has been considered -_ - _= +_ T P.,..,, (2)
by Kleinnian.6 The theory for photoelectric emission c NA a8 cNV,
from a metal surface by two-photon absorption has been
considered by Smith."' For continuity of distussion and where a is the index of refraction, c the veloity of light
comparison of the present experiments with theory, the and N, the density of photons Awl. The factor of two is

band-to-band calculations for allowed transitions'4 will included in the absorption coefficient to account for the

be rederived and the calculations extended to the case two-electron spin orientations. We shall assume that

of forbidden transitions. there is very little spatial variation of the beam within

For simplicity, consider a solid whose band structure the medium, i.e., all absorption processes are small.
consists of a valence and two conduction •---a wit• "h"-., By combining Eqs. (1) and (2), the absorption
extrema at k= 0; a schematic diagram of this model is coefficient is given by
shown in Fig. 1. If two monochromatic beams of energies 16n, d~ k P, 1k2
Awl and *',o both less than the band gap but whose sum K,= --- I --

is greater than the gap are incident upon such a solid, O•, J (2r)-L[A I.t+ hJw,-j
the transition probability per unit time for an electron
to be excited from an initial valence-band state k to a p.,-
final conduction-band state k by simultaneously ab- + J
,orbing two photons is given by

2rI XH(E,+E&+L.-+E., M-A), (3)

P ac A where the conventional optical matrix elements" have
.["• IE+E.&+E.a-ha,] been used. P.. and P., are the appropriate momentum

HIA' I matrix elements with superscripts I and 2 indicating
+ their components in the directions of polarization of

LA[E+ E.+E.•- photons *,a, and ias, respectively.
Xa(E,+E,.+E.,-J6,- &•), (1) To obtain explicit expressions of K, for a given solid,

it is necessary to have some knowledge of the momentum
where H.. and H., are the optical matrix elements matrix elements as well as the k dependence of F.,, F.,,
which couple the valence band and conduction band, and Ea. If the transitions are allowed, i.e., the coupling
respectively, to an intermediate state x. E, is the separa- is between bands of opposite parity, IP.I' and I P..r'
tion of the valence and lower conduction bands at k=O, can be taken as constants near the band edges as a first
AE is the separation between the valence- and inter- approximation and are given in terms of the f value
mediate-band extrema and Ea, E.&, and E.& are the for the transition by:

"Ra. Braunatedn, Phys. Rev. 125 475 (1962). Pqt"• Mlcqfq,/2 . (4)
"R. Loudon, Proc. Ph.y Soc. (London) 980 952 (1962).
"3 D. A. Kkln-, P::0a. Rev- 1208)(196). "W. Hitler. The QA.. Thesw7 of Redkatio (Oxford Uni-
"1 R. L. Smith, Phy.. ev 128, 2215 (1962). versity Pmrs, New York, 1954), 2nd ed.
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If the transitions are forbidden, i.e., betw-c:', hand-s of *A-,1`1

the same parity, one may assume that t1,.' mor-ciitant-
matrix elements are proportional to k, of theinitial-atre- F. M Li S t

a L3
-- [ % A ni n • . IP. - \ 4l-M11

where mr is an eFlective rnn-- for the transition and e, - ,tctacgTgw

represents a unit vector for the photon polarization." PC-- 7RC 1-i02

We shall assume that the energy bands are iphcrihai F.-- 2-59 •t•,RI 1 --CDcm I I LEM

and parabolic and conzequently are given by I - GtASS o.,m FS A-- -9 omi,.,oi-

E.=,a,h'k'/2im, F.i=a.*l'k','2m, E,&=ah'k' 2rn, () LI- 32 ma FL OfJECTiL FS- seal DNWQ$5 fILrtR
I S SAMPLE i, ala1 Fr,4 - NEUTRAL t"EM&Y

where the ci's are the inverse effective-mass ratios. L,- 17c F .4tLENS FILTERS

There are three types of double-photon transitionr FiG_ 2 Rxpt-rirnetral azrangeMrC:tt fr exiinl lioulle-photon
to be considered depending upon the symmetries of the t -r"ti, in ('-'44nrt ni-.rxinp 1the retAlfing raihative rteoiliina-

tion 'I hr o,_!ptue 'It uf u - h~iorniuliiphicrs werc frt directly m.-, .1
valence, conduction, and virtual-conduction bands. dud-txant !st-ilhiscipe tt;r cinilparismiti of the las-r and t-iurnstcnice
These may be defined as "allowed-allowed," "forbidden- sign L:-is.

allowed," and "forbidden-forbidden" transitions; the
designations following from the aqppropriate matrix
elements involved in the transitions. Substituting ex- relilatcdt by- f.,- It. trriving at ite above cxpres.s.ions,
expressio-ns. (4), (5), and (6) into Eq. (3) and perform- we have replated the -,jtiare of the stim of the matrix

ing • ai..gsa:iuis, WE €.... elcmlents inI i-tu k3') Iv the stm i 4 squares whith is
the three possible t Tpes of transitions: equivalent to a!s-tu';i g that one is dicaling w -ith in-

Coher-nt phltonls. .in, c we are initial- lI -cu.idlcring t.h.t
"allowed-allowed"; the it,-o photons anti &n! #li are protu cli Ih 'iiit-rt tnt

2 2 . ,f f ,A" let 1/2 sources. However, in the ilt -s'tit cXijkrunt-nlI Ii cthere

KI= = /__.-+ _1_ (7) the photo.s arc of the uaoic frit-iUClt y l t arc ' rivecd
cm'1`(a,+a,)Y

1 •lw • L c J from the same ,l-ohcrcrt smaoric, tile t-Os-s prohitt t. of
thie matrix e!,'niets will make a sitanill contribution to

" allowed-forbidden"; the trainsitiun probAbilifies. The double-photon in hoip

2 7f
1 rrpNtw.y . fl A l 12  tion prot •ss cniplovli•g a lbroad-li:Liid i h.;,: '.r"! olirt -

K - + ---- + .'/,-I_, (8) of radiation tan also lie (ah-ulatlt- , from the iltiovir Cx
Ac(rlr)1(a+a.i6 u B pressionis lv integrating over the sft, tral dulitmiliulum

below the bannd gap.
"forbidden-forbidden"; It is seen ifrom l'qs. (7-, (), (W', :uaul (lIt) thai thu-

211 2irji t7  2 A"1 . 41- absorption oteflicient fur phithns hk.-, isa filmnt i' II iif tht-
],= .. -" --i , i1)) density N, us 1ohotihins 1

I., sunultaneoslv -jiresi-lit in the
9C(frnT)r(a,+a.-B rC/2Ai~jawL( solid. The intensitv-delrenticit at isoii, lt t -gcs ;-.

crews,- :is solme potiwe-r of thie 1,holmii enelrg\- tlhlt•riiIiL

where upon the synmtrietrs uf the band1s with .a hrctholl MaI

A =ll*+.-t E.. As a ctinsi-uelntc-e of ilie!r l', h:±.cteris-t ic
there are a .tnuier oif uliflerent t%-tls of txlx-ruutents

r a'W,, ±which iiaV I lilperioint-d in order to, det-t the risultlant
13- AF+ --- (h 0 1 +Aw,- F,)- electro,,-hole pairs -rea-tl y tw-ýpi4:: iaLhurjti'i,:a

L 'a.a., aI "'These include the direct nicas'uremnent of the intv-isit\ -
a(1+a, dependent absorption, or the clis.•rvatioin if ih,,tttitn

c=-tar+ (a;+ a.\ (k•,+f,,- F;,) - ,.. ductivitv, or fluore,,s-unt" lpritihd bt h irradiating aL kaF + kac j solid with photons of the taile or dtiferent t-ncrgi-,, hoth
of which are 4ess than the energy Rap lhtut who.,e ,r, is

Iuor the al!3wed-forbidden transition, it was assumed greater tliit time t.-ierrg , g. Fuin t'.1rjat-ivit-sti.dt t-i.i

that the transition from the valence band to the inter- vcnicni, c. the double-phloton aho.1rpltima at Iw 1 79 cV
mediat..e state was allowed and that from the inater- was dtete ted l)v obs-rving the .ut-ir~iluient rul oi',binlA-
mediate state to the conduction band was forbidden. Iat lion emnision in the region betwet-, 4'AXI iand 55M1 A
cases where the reverse is true, there will be a similar MlrI~lIiet by the crat,'rd pair-_
expression as Eq. (8) with w,. replaced by w., and f,.

*J.Bardeen, F. J. Blatt, and L. H_ Hall, in Procadigj J tokz 111. EXPERIMENT tL
Conf:1.2 on Pholocoxwmiy, Ailanikc City, Noweber 4-6, 1954,
edited by G. H. Breckenridge, B. R. Russell, and E_ F. Hahn "n'o Iuror' en' t sit tIitll was nit aured fin Lt iiui-.-cr
(John Wiley & Sons, Inc-, New York, 1956), p. 146- of (AS cryx-tak '•x, ited i% a fuitust.. ruby laer -hose
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photon density was 3X 10"/cm'; larger energy densities
produced by sharper focusing resulted in sample
damage. The crystals were mounted in a Dewar which
contained liquid nitrogen for the low temperature runs.
The sample temperature was measured by an iron-
constantan thermocouple cemented directly to the
crystal. The spectra were measured by a Perkin-Elmer
model 12C Spectrometer using a CaF, prism and utiliz-

(h. 3. ing an RCA IP28 photornultiplier as a detector. The

tween the emission of CdS laser beam was monitored by reflecting part of the beam
at 123YK and the exciting into an RCA 7102 photomultiplier. Filters F, and F3
ruhy laser- In each fgure eliminated most of the zennu flash lamp radiation while
the upper trace is the laser
signal and the lower trace is F, attenuated the laser emission; their position in the
the fluorescence signal, (a) optical chain is shown in Fig. 2.
emission at 4990 a, hori- In the studies of the emission excited by Hg exlita-

Stzontal sweep 100 Mse/cmc;
(b) same as (a) except for a tion, a Bausch and Lomb monochrornator uning a 600
larger time constant in de- lines/nun grating was used. The HBO-5W0 mercury
tecting circuits; (c) samit ;w
fur (a) but with horizontal source was focused by a large aperture lens or mirror
4w--p of - Met/cm; (d) onto the crystals immersed in liquid ~itrogen. The
emis.-uI,, a. 5100 A same radiation, which was emitted from the sa.me face of the
time constant as (a) but
with horizontal sweep of trystal which received the excitatiou radiation was
5 asee/cn. Note the perfect focused onto the monochroTnator sHit aiter passing
time correlation in (c) for through appropriate filters. A Corning 7-54 filter andexciton recombination and

the slightly delayed eec- 10 cm of CuSO, solution isolated the 3660 A lig line.
iron-impurity emission in The emitted radiation was detected by an RCA 7265

4, (d). photomultiplier whose output wasi fed to a tecorder via

a Vibron electrometer.

IV. RESULTS

The experimental results involve at oinparision of the
"fluorescence spectra of CdS as exc ited by the 60 A IHg
line with that excited by the 6943 A ruby laser line. The
emission spectrum was studied in the 4'tX0- to 5500-A
region for both means of excitation sin'c it is in this
spectral region that previous single-quanta excited-
fluorescence spectra have been extentsively studied. The

photun energy Jzwr 1.78 eV is less than the energy gap "green emission" bands in the region between 5100
E,= 2.5 eV. as well as by the conventional use of the 5400 A at 770K have been previously identified as clue
3660 A fLg line, whose photon energy is greater than the to recombination of a free electron with a trapped
energy gap. The spectral distribution as well as the hole,- while the s-called "blue emission" bandsenest ofeý-2 whil the.io socale d"tbl-ue as a fuctionnd
intensity of the emission was deter itned as a fmnction appearing at shorter wavelengths are pre.unably due
of incident intensity for both types of excitation. The to the recombination of free electron-hole pairs via an
spectra shown in this paper were for a typical undoped exciton state."-" The emission was studied as a fun,-
crystal of dimensons 10 mmX8 mmX1.78 mm grown tion of wavelength, time, polarization, and excitation
at the RCA Laboratories, similar results were obtained intensity for the ruby excitation; and as a function of
using undoped c-rystals supplied from other sources. wavelength and excitation intensity for the Hg soure.

A schematic diagram of the experimental arrange-
ment for observing the emission from crystals using the A. Doublo-Photon Excited Emission
fonn-.ed ruby laser is shown in Fig. 2. The ruby rod was
3 in. long and I in. in diam with parallel ends coated with The correlation between the emission of CdS at 123 0 K
multilayer dielectric filmns giving 100% reflectivity on and that of the exciting ruby laser is shown in Fig. 3.
one face and 50%/o reflectivity on the other for the 6943 A The detected output of the laser and the CdS emission
line. The ruby was mounted in a conventional laser head were both displayed on separate channels of a Tektronix
and was optically pumped by a helical GE FT-524 *G. Dieinx, G. J- van Gurp, and H. J G; Meyn. Phy-sics
flash lamp. Operated at room temperature, this laser 23, 987 (197S).
produced approximately 0.1 joules of output power 12 G_ Dieme and A J. Van der Houven van Oord, Physic14t707 (1958.which is equivalent to 4X 101' photons per flash. When " tJ.%ColinsJ.f Appi. Phys. 30, 1135 (1959).
focused onto an area of 10-2 cm' of the sample, the 'D- G Thotm andj. J. MlopMeld, Phys. Rev. 116, 573 (1959).
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502 dual-beam oscilloscope. Figure 3(a) shows the - - r A
partially resolved laser and emission spikes where it is 1i

seen that on the average the relative intensities are
torrelated with each other. This observation is further 12 1
illustrated in Fig. 3(b) where a larger time constant in
the detector circuits averaged the spikes. A time- '0

expanded display of the laser and emission spikes is
shown in Figs. 3(c) and 3(d). It should be noted that at [ I
perfect time correlation between exciton and emission
spikes. In the region of electron.trapped hole recombina-
tion at 5100-5400 A, there appears to be a time delay -
of several microseconds between the emission and the 1
excitation spikes. The usefulness of using laser spikes for
studying the kinetics of emission processes is clearly
indicated by these results. Although there is no apparent
correlation of the intensity of the excitation and emis- o I I -- U,
sion spikes in the time expanded traces in Figs. 3(c) and 0 AVILE•PIGTH IN
3(d), the correlation of the envelope of the laser and F., 5. Emission from CUS at 123"K excited hy a ruby Laser with
emission spikes previously indicated in Figs. 3(a) and 0 15 J focused into a to" cm' area of the sample

Z~h' i,, tip ~.. 11sa nf the- envelrlne maximaa as a mieas.
ure of relative signal intensities. The lack of intensitY
correlation in the time expanded scale may be due to differences in quantum efficencies are not surprising in
the detailed kinetics of the respective recombination the light of previous work on CdS. It is seen in Fig. 4
processes. that the emitted radiation i.i polarized, thl inttn'ity

The unpolarized and polarized emission spectra of a perpendicular to the c axis is abotut ithree timnes that
CdS crystal at 30 0 "K excited by the laser is shown in parallel to the axis. The recombination radiation was
Fig. 4. Previously, the CdS emission had only been observed to follow the power law I a JJ±'O 2 where I .-
observed at room temperature in a limited number of the emission intensity and I is the laser intenity. In
cases for exitation by photons greater than the energy obtainLng these measurements, le was varied by insert.
gap.3 The intensity of the emission varied from s.ample ing neutral-der.ity filters between the lascr andl thc
to sample for a given incident laser intensity; these focusing lens. Each data point in Fig. 4 is th% average

of between two and five successive observatim-.; the
error lines inditate maximum de'Viations froum th:l

1;0 average. Since the laser intensity varintd lightli fauna
... ...--t.Z flash to flash, the observcd enmsuion itn.nitr.s wt rt

S --a- Ic-a-AS nonralized to the samnc laser intensity for All tlit'
I reore spectra. In the normalization ;u-otA elre fain

'20 4 this spectrum anal all Lulisequent six' ttrt rcjlrtt-,l iI
4 this work, the appropriate empirically drttraucinlt

power law relating the intrnsity of the rtniu,,hion to
excitation was tnployed.

The above measurements were also lprformied at lowC-AX15 res(eucc by ruby-laser exitation as well as by single-quanta ltg excitation for comlparison. The ol1%s:-et
unpolarized emission spectra at a temperature of 123°K

aC / £is shown in Fig. 5. The rather large errors inditatead iii
this spectrum make it difficult to at.,ribe -,,mc -,f fh,.
wiggles as due to real structure. Hlowever, -ua- c,-iv-

Cfx1 runs enabled one to identify the major iia-a i-: thi,
of j.jJ spectrum with the structure observed by using greater

WAVELENGTH o £ than band gap light; the line positions agree withose
FiG. 4 Emission from CdS at 300*K excited by a focused ruby reported in the literature.22-2 The emission shown iR

laser. The laser output was 0-17 J focused into a I0" amt area Fig. 5 was found to be polarized with the toniponent
of the crystal, perpendicular to c axis being six times greater than the

H3 B. A. Kulp R. M. Detweiler, and W. A. Anders, Phys. Rev, component parallel to the c axis.
131, 2036 (19 3). Two groups of lines in the above spectrum exhibit
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r-1 1r !4 *6". Ibis -is to be contrasted with the power

II laws f-z Is*0'and fI= I*'* ' for the con-esponding lines
3L Waac is hblsS, in the double-photon excited spectra. The various power

L ~ Jaws are shown in Fig.?7. The different intensity de-
I r'on is% consistent with the previous observation by

Dienwr*` which was used by him to identify the re-
___________ spective recombination processes.

490LE0 ~ im50 40 m The quantum efficiency was nmeaured at 77 0 K for the
2Av[~ftG14 td Acrystal used to obtain the spectra in Figs. 4 and 5 and

Fair 6- Fluores'-rnce spectra. from CdS at 77*K as a function oI was found to be approximately 0.1% for the 4990-A
incident intensity exdited by the 3660*-A Jane of Hg line. The quantum efficiency is here defined as the ratio

of the rate of emiission to excitation since the intensity
different power Jaws relating the fluorescence to exi hla- law for the 4990-A line is approximately linear. The
tion intensity. Namrclv, thie intensity of 'G - !ines be- fluorescence yield for the front surface fig excitation
tween 4900 and 5050 A varied as I cc !o*G I while tor the was found to be markedly dependent upon the surface
lines between 5030 and 5400-A the relationship is treatment, while the double-photon yield was inde-
Ix -IlJ 1'. The emission obeyed these Dower laws over pendent of this surface t-reatment. The above value of
a range of Io, of jQP The significance of the difference quantum efficiency was obtained for a well etched or
will be discussed after similar relationships for the cleaved surface.
single-quanta exc itation are presented. We may summarize the experimental results shown

in Fign- -4, 5, 6, andi 7 by the observation that in gener-al
B. Single-Photon Excitation the spectra produced b - both types of excitation are

essentially similar except for differences in the emission
The unpolarized emission spectra at 770 K excited by intentsity as a function of excitation intensity. The fact

the 3660-A Hfg line is shown in Fig. 6 for three different that the intensity of the emission spiectra for the ruby-
excitation intensities. There is a marked similarity be- laser excitation incwreases within experimental error as
tween this; single-photon excited spectra and the double- the square of the corresponding Hg exc itation over
photon ruby' laser excited spectra shown in Fig. 5. In several decades. for equivalent groups of lines strongly
general, the wavelengths observed for both means of suggests that the foniner are due to double-photon Ab
excitation agree within experimental error, The major norption while the latter correspond to single-photc'.
differences bietween the two spectra are with respect to absorption.
the relative intensities of the various groups, of lines.
The failure of the intense 4875-A band to appear in tile C. Auxilary Measurements
laser-excited spectra is probably due to self-absorption
in the sample since the emnission was observed from the There are two alterna te ex4 itation rnIL'haurawý -flic h
side opposite the incident laser beam. Double-photon could produc-e the observed fluorescence other than tlhr
absorption takes place essentially throughout the bulk
of the solid and since the single-quanta absorption co-.-
efficient of CAS at 4875 A is very large, the excited lei I-.

radiation at this wavelength will be self -absorbed. In

contrast, for the case of the Hg excitation, t~he emnission ~
is collected from the same face as the incident excitation 91
anti so is generated close to the surface and can exit
from the samnple. The relative weakness of the 4940-, C-

4960-, and 4990-A lines in the single-photon compared I- A

to the double-photon excited spectra is most likely due - I K44
to the much smialler exciting intensity of the Hg source,
relative to the effective double-photon pumping. A more I
detailed discussio;n of this point will be given !ater. - i L __

The different intensity law followed by the ex' iton -0 .' 10 10
recombination anti the clec tron-trapped] hole recombi- Z[KCII4T" TLIPVlid

nation is dramatic-ally shown in Fig. 6 where It is Fiac. 7 Relative minenuit?. of emirL4nn frreon UrIS as a feNricton
wen hatat ow 'ite'tis te lie a 485 A s wake ofexcitation intensity for mith the Its 36M A line and the ruhyseen ~ ~ ~ ~ ~ ~ ~ ~ ~~~~3- thta o nesiisteln.t485Aiekr '-. h beh figures the solid lines refer tn Laser etcitatian with

than the "green group" of lineN, at 5000-5400 A while cn-staJ at 12Z'K while the dashed line trefe to Hit excitation at
at high inten~sities it becomes larger than the latter 77*K. (a) Emission of radiian recurnlainamion line at 4990 1;

(h) emission of electron impurity recombijnation at 3120 X_ Note
group. The exct-on lines at 4900-500 A follow the law that the emission follows a power law of the form t- As. where or
I-c h'"7-' while the "green" lines follow the relationship for laser excitation is twice that for HS excitation for each line.
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creation of free electron-hole pairs by Ihe siniultaneoii., \ i , i -
absorption of two laser photons via a virttuW inter-\\ , t
media- flate. One is the self..hicrnr;n.i..t in 'he sample of r, (I.i'.-•. *.--
a generated second harmonic 2 h-m 2 X 1.78 cV'> E, = 2.5 F 8
eV and the consequent creation of an elettron-liole pair land structure 'if
by a final single-photon process- The second is two- CdS at •-0 ,,ith- ,a*z
photon absorption via an impurity state within the for- the nssociated ItMod

bidden gap. In order to rule out tbcc pros e.se-C in the symmetries_

present experiment,, the foliowing aux:*iary, incauh-re-, , ,,
ments were made. T

As a consequence of the symmetry of the space group rulj. P .9.-.-t
of CdS, (6 num) one can easily show that if the laser
beam is incident along the c axis no second harmonic r i
should be generated. Consequently, if the observed copper inpurety leved. The ititensities of enlis-ion forhamn'dilierent crry.tals at 1230 K obey the relationshfip Io
emission depends on the absorption of sc-ond har-oni, With ns t-onstant for a given !Itn over a jiutiber of decadesphotons, there should be no emilkion for the above f -the !a.ser cxcitation. It seems likt-l%- that a mcchanismn
geotetrv. To rhet k this point a.dS sample. was. cut involving the replenishment of elect ron.- from the initial
from the same boule as was a prvi-,,,..rd r-.sta!
such that its c axis was perpendit ular to iLt faces Copper level h% the ahsorption of a second photon pro-

enabling the incident laser beam to he parallel to the moting eleutrons from the valence band to this copjwr
ena--i- th incidet 'laer bea..t '~to t be parallel to th level would lead to saturation effe, ts over the range ofU)• i• .•. • L k . ......t.flu ÷ ,| ,._;,tl h i', n- -

tensity of rcc-omijination emission, as the crystal whose ext itation inten.sities oi our celrlnieis. , iTt t ulIt-i,,'s ' im t hn e lase the -w between our ri-sults for tungstcn ext itatian and the lirecaxi- was per,-ndlicular to the laser bce.onl lor the sameIc ax- wa per~nctcutr tobenit fr sae sious work may lie in dilic-rentes between ouir trysIt!l.
excitation intensities. Hence one can disqualify the w

absorption of second harmonics of ruby as the fluf,- and those vinploycI In tile above work.

reslencc-excitation mechanism. It should be noted that
the absence of second-harmonic generation applies
strit Ely speaking only if the incident beam is parallel to We believe that the:,." --,: *d,,tioti tili-;" -
the c axis. However the harnonic intensity for the con- from ('dS when etxcited by a ruby Ia-'r is a i ot-e, r11,,
vergent ex, itation empnoyed would be too weak to be of eletctron-hole pair ircatitn by the l itiillit-laltl., :tlh
of any importance. sorption of two red phltoint via a virtual int-runt-hali

It has previously been .shown that emission in CdS at state. The -trongest rxiperitnental evilonuc for thi,, ti-
2.5 eV as well a. at lower energies c-an be excited by ilusion follows froni the detailed toniparivin tof tihe
photons having energies not extceeding 1.75 eV.As-" iluorctiie e spettra a-, ext ital, by the 3•60-A line ,f
These results were explained by tonsidering a two-step 11g, whose en.e-rgy i% gr:-ater than the bAtnd g.ap, Wtilh
optit al-excitation process involving excited states of Cu that produced by the 694.1-A la-et-r line ,w-hit i' le' Ic:Ihai
impurity levels within the forbidden gap. In this process, tlie hand g.ip. Tile ,pet tral di't riutitun of the iunii--imi
a photon produces excitation to an excited level that hbLs for both type-, of extitationi are cettitlahv ,itri:.r.
a reasonably long lifetime and then, a second photon ext ept for different es in theie intensity Ilet-nd-ni . tif thie
completes the excitation and is to be distinguished from emission as a function of excitation tilctnsity. The oh-
double-photon absorption discusbeed above which ;nI- ervedI alp•roximate quadratit dcirlwitlen. of[ the etili'
volves the simultaneous absorption of two photons andl -ion for laser ext ulation as , olnipared with c-xitaPtill Iy
is an intrinsic property of tie solid. We found in agree- photon eunergie, greater than the gap is to lit ,-X1w, trd
ment with the previous work"' that tungsten ex, itation if dlitibli-lioton ab.orption wcrc tiprative
of our CdS crystals by photons having energies bet ween We shall now iot;iliarc liel. ob.ervr-d Ihurt, "ciit.
1.1 and 1.8 eV led to the same fluorescence as was oil- Yiells with the theory for chnllilejlutiin :albsorjtiii .t
served with Hlg excitation. lIowever, we did not observe further evidn ce that thi- I'xt itation pro, "- tian .i, titit
thii etiission for tungstcn cx. itation for photon cnergit-e for tile olseri•'-d pi, ira. The energy baniI-; fur (',IS
of 1.78 eV (the samte as the laser) with a hatf-width of at kt- 0 are lhiwn in fig. X and til te orrrc-Imling
"-0-02 eV. Thesr result' artn: otrar, to the c-xt itation '-li, (i"n rule, for doublt phouin ahiirltithu fin ctic tri,
(turVes obtained in the previous work2 ' whit h subsiatnti- dil"Ihe traii.itilons at k t} are .hown in Tatble- I wlhctre
ateci the proposed two pthoton erxitation pr'e'-., via the single photon ceie,tion ruiles were use'! in the indi-

vidual tran.ition.iis In the present experiitentit the linal
f1R. v; Halstid, L F. Apple, J. s- Prcner, i'hya Rev tt iirs state in the cindlt- tion hand ii at 2X1.78 uV, well

2. 420 (1959. above k -0, and , unst-,It:vnly it . not jV.,--ihlc to
" R. E Ilalsted, E- F. Apple, J. S Prencr. and W W. Piper. fii

Proceedings of the lnternaiicoal Conference an Semiconduelo, "'J,-seph I.. Itiruan, Pihvs. Rev 114, 14W iW-lt')._
Physics, Prague. No0 (Czechusihvakia,, Acnkdn of .cirence. n )- S Mrtiute. Solid Stale I'hy•i•c, edlited I'v I -aitl and
Prague, 1961). D- Turnibull (Academic Prem Inc., New York, 1959), Vul. 9, p. 432-
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TALE L. Selection rules for double-quantum absorption excitation shown in Fig. 6 -an be understood from a
in CdS for electric dipole transitior. at k-0 tuiLderation of the number of electron-hnle pairs

created by. both sources. As we have seen, the exiitun
Valence Virtual BanductDin and impurity emission are proportional to )0lalI and

BnBa B0 0s, respectivrey frir tinglc-photon excitation and

S . L l'1 Allowed-allowed to le2i' I and lo' 1I for double photon absorption;I'. 1" •-. J V? Allowed-allowedr -. I' r Allowedforbwdden therefore for a s -fficiently high excitation intenritv

F. • tF f l, Forhidden-forbidden the exciton emission should exceed the impurity emi~,
F, Ii- ?P i;, ± F, Allowed-allo-rt-c

1  £I r, - r, Allowed-allowed -o. Although the do-uhle photon absorption ,-_ffic,-it

r? f l',r. P. r, Forbidden-forbidden for the ruby is _ 2 X I0 ', m-', while for the fig line the
single-photon coeffitient is -106' coi ', the la--,' flux
was 6X10t photons '"tn sec while for the 3660-A !;lne

ascribe a definite parity to the appropriate point iln the of Hg it was 10"1 photons 'rtn' set; consequentlv approxi
Brilloin zone. Site we are primarily interested in an matet y 10' more elec tron hole pairs were ureated by the
order of magnitude estimate of the absorption toeffi- la1er than the lig source whiIth i. stifli, irnh to explain
cient, we shall make the somewhat oversimplified, but the different relative intettsiie-. Although th'e power
reasonable assumption, that the CdS band strticttire laws for Jig and laser erXitation were obtained for
can be represented by a spherical and parabolic three- dirlcrcnt effet tive excitation intenities, the fatt that
band model as is shown in Fig. 1. the emis-ion due to laser extitation is ,uonittent with

The expression-, for "allowed-allowed" and "'allowed- dotiblc-photon absorption for two different r-ttmlbina-
.. . transitiainF (7) and .8.. will only be tion processes indicates that the power laiw- -howtn in

considered, since Eq. (9) for the "forbidden-forbidden" Fig. 7 would alko hold for rqai til-l,, tire Iitt-,iitl-- M
transitions yields much smaller values than are actually both sources.
observed. In the above exptessions, rct= w:= 4X 10'ls'sU-, (On may regard the taltulated ,lottbh-l photon, ah-irp.
E,=2.5 eV, ..:r -- m, fv.'-f.,='1, -=2.6 and N*22 tion toeflicients to bc in rca-onahlc agrrr-vn-nt with
X100/cn9 for the present experiment. KX is rather expleriment in view of the al[prsimdlnion- macic ill It,
insensitive to values of AE varying from 2.4 to 5.5 eV. application to (C1S and the cxlit.imcntal error- invIlvcil
The inverse effective-mass ratios for CdS were taken as in determining the absolute fluot--.ct tne vivil. LTc uste
er,5, a,=0.2 and a.= 1. The first two values were of a three-band model with spherical and paralolic

obtained front optical-absorption experiments,1 while energy surfates anti the iteglec of , fniheIre(nt e Ct'[e t-. and
the latter was assumed to be unity since the upper con- the effect of other condut tion andi.ht r l,.nild- , ouhil
duetion band is expected to be a heavy mass band. Using lead to appreciable errors in thc u.TiOumIr of tht - cllidtll.
the above values, Eqs. (7) and (8) give K1 = 2X 10 4 photon absorption coetfi,.tinis, In addition, the- thcory
enV- for the "allowed-allowed" transition and 4X 10- should only be a good approxiomati- in i' r in it inoil o)f

cm-' for the "allowed-forbidden" case, respectiv-ly. If ko-l, whereas the final state for tinc ,loumit- pihot,-:t ,i,
we use the experimentally determined quantumn fli- se-tvation of lT78-cV photons wa, at itut. It gr. ;tft r x-ahte-

tiency of 0.1% obtained from the singie-photon Jig of k. The expcrinuental yield- Imtay be in tirol Ib, a-
excitation of the 4990-A line at 770K, the calculated much as a factor of 50 bCtause of till, tI ton. It-'., Ilk gcV
double-photon absorption coefficients predict corre- metric factors which were us-ed to , ah ulltte the clit- ..
sponding fluorescence yields per laser flash of 8X 10' The present experiment and thcortial e-,titiates 4;
photons and 2X10' photons for the respective transi- double-photon absorption were nier-ll intetu-nd ad-. ai
tions. The measured emission of the 4990-A line at order of magnitude theck of this tIlw- of inttrni,
123 0 K for laser excitation was 2X 10Ft photon.s at 123°K. absorption proces. These res!ult -Iigg-I-. l the fra-ihiiit
This value has been corrected for an t-stimated loss of performing iwo-bcamn ab•oquion expxernient.n ril-
factor of --- 10W due to internal reflection losses in the ployitcg a iixcd-frequent y (Akls) high inteCnsity Itsr-r anit
sample and losses in coupling the output from the a low-intensity varialle-frcqItcnc, (he.W) in,-othcrent
crystal into the spectrometer. It is seen that the ob- source where /ast <E, 2. hAs,<E, and fAj.+- he,>Ft,
sv-rved value i- in closer agreement with the calculated The low-intrnsitvy -ource tan be utilized sint, r a- we have
"allowed-allowed" rother than with the "allowed-for- shown previously, it,, aborption t o-Iti, ient K , i p•ixit
bidden" transitions. It was not poss.ible to totnpare the tional to the intensity of the inten-r .ourt -. Thi- al!
room-temperature double-photon absorption .ignal with smaption ,,,i-fii icnt 'an he neasurrtd direct:x or lurt,-
experiments since the inability to observe the single- tively by the -ubseqtent fluorest em r or phlotocontlut -

photon emission at this temperature prevented the tivity. The frequency anti polarization ,ielndente of
determination of the quantum efficiency-- the absorption edge (an yield information about the

The observation shown in Fig. 5 that the extiton states involved in the virtual tranitions by referenle
emission lines are more intense relative to the electron- to Kris. (7), (8), and ('), antI the selection rules shown
impurity recombination lines for double-photon laser in Table 1.
excitation in contrast to the case for single-photon hg I)ouble-photon absorption ,an be ol tile in' a tnibcr
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of optical studics. In cases wlwtc siige-pboton uansa- [Note added i. p)oof. The observation of a two-
tions between levels are forbidden for electric-dipole quantum absorption spectrum employing a high-inten-
radiation, transitions ran still be made by a double- sity laser and a low-intensity variable-frequency in-
photon process. In order to study transitions to states coherent light source in an experiwrt- of the t)Tje
that have large absorption coefficients by single-photon suggested in thii paper has been performed by J. J.
absorption, one normally requires thin samples, or one Hopfield, J. M. Warlnck, and Kwangjai Park, Phys.
performs reflectivity experiments which can be sensitive Rev. Letter; 11, 414 (1963) in KI.J
to surface treatment. The fact that photons of ceiergy
less than the band gap can produce transitions to :,tates ACKNOWLEDGMENT
of twice the energy of the incident photon can be used The authors wish to acknowledge the contribution of
to study upper states by the use of thick sanples since A. B. Dreeben for the samples used in this work and
the double-photons transitions take place throughout are grateful to D. A. Kramer for assistance in these
the bulk of the m-aterial. measurements.
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FREQUENCY TUlN!N( OF tUaAs LASER iRIODE I' UNIAXIAL STRF•,S

Dietrich Mcyeahofer and Rubin Bisunstein
Rt A I.ab:satures

I IILL..4!*n New jecrsey

!Rccett-ed 2 4 %eptember 19c) 1j

Now that GaAs injection laser diodes are readily words, the coherent emission as atsected both by
available it becomes desirable to vary their fre- changes in hrc emitting transitions and by changes
quency in a controlled manner. Such control will in the resonant cavity, which will be oine#what
be necessary if diodes are to be used in technical diff•:ent for every diode.
applications requiring frequency tuning, stabiliza- To eliminate the effects of cavity cha.nges we
tion, or modulation. rhe energy levels and conse- studied the incoherent light, which should depend
quently the emission frequency of a solid can be only on the electronic transition. The shape of
changed by uniaxial stress. Use of uniaxial stress this emission line was independent of the applied
has the advantage over other methods of changing stress, so that the only varying quantity w.-s -h!
the frequency (hydrostatic pressure.' magnetic emission trequency. The change of energy (or
held 2 ) in that auxiliary equipment caa be made frequency) is plotted in Fig. 2 as a function of

-,c ad -- nall:. n .A.,;,,,, ,h- asaPli.-arinn of unuaxial compressive stress for three diodes.

uniaxial stress to semiconductors generally splits It is clear that the three diodes, all made by s.,lu-
energy levelc which are degenerate in the absence tion growth but with. different amounts of doping.
of stress or under hydrostatic pressure, and so can show very different behavior; the frequency of A
be used as a means of identifying recombination increases linearly with stress wherea% I and ( show

processes.
Figure 1 shows the effect of uniaxial compreision

on the coherent emission of a typical lasing diode. DIODE 3
The stress is applied perpendicularly to the junc- 77"K

tion, which is a (100) plane. The emission lines
are not single resonant modes of the diode, but Toos 2 45: xF9dyn/Cml
rather envelopes of a number of such modes. Un- C-
fortunately, samples small enough so that individual , I
modes could be resolved -.'e:e too fragile for stress
measurements. Shifts of the location of the envelopes
as well as "moding" from one set of envelopes to .4 en0
another have been observed with uniaxial stress. 4- N"

These changes do not necessarily vary monotonicaily CD

with stress, as can be seen in Fig. 1. The maximum
shift of the laser line in this diode was 20 A or
0.25% in frequency. In some diodes the envelope z - -

curves narrowed with increasing stress, suggesting t-
that fewer modes lased under this condition; in other • T1.$3z a 0

CONTENT ANALYSIS

A. GaAs lasers D. L/t WAVELENGTH
B. frequency rntunn ±---- Fig. 1. Recorder trace of the coherent emission line

B. :t~mbioa:ioc.ss from a GoAs diode at three different values of stressidentif icution applied along the '100] directlon. The curves ore

C. unitxial c=11ion dsd.Ioted *eriicaljy for clarity The linewidths are
due, to unresolved modes (instrumental resolutions

'1 A).
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x DODOE A
* DIODES8

•K) o DIODE C

z -

SPFig. 2. Shift of the incoherent
g emiesion line from three typical GaAs

_ diodes with vni-xisOl cempressuin stress
W as 77?K. Each dato point represents

Li. . three or more measurements.
0

0- .0o-1 2-0 2-5-1

,'AX:AL C'L4PRESSION rRESSi xTiaiOe dyn icrnt

saturation and even negative changes. Other diodes behavior of type B and C diodes can certainly not

made in the same way as A, B, or C do reproduce be explained by the simple model. Rather the

the respective curves. It should be noted that the emission appears to take place between energy

frequency shift of diode B is the same for coherent levels that are more complicated. They may be

(Fig. 1) and incoherent emission (Fig. 2). shifted relative to the band edges and split in a
If the emission is due to band-to-band recombina- complicated manner. A detailed interpretation of

tion r recombination via an exciton, then one can -he nature of these centers will require further
calculate that the emission line is both shifted measurements on diodes with different dopings and
in its average value and split into two components stress orientations.

due to strain. For simplicity we shall as.sume that We have shown that uniaxial compression will

the band structure of GaAs at k = 0 is the same shift the frequency of a GaAs laser by a substantial

as that of Ge and use the theory developed for Ge 3  amount. We expect other injection lasers made

that predicts a linear shift of the average emission from ill-V compounds and alloys to show similar

line with stres5. The coefficient can be calculated shifts, since the deformation potentials are expected

from the measured effects of hydrostatic pressure to he the same order of magnitude. Furthermore.

on optical absorption4 and emissioni of GaAs, or uniaxial stress has been shown to be a very sensi-

from the effect of shear stress on the absorption.) tive tool for studying the electrcnic ttansilions

For compression along the 11001 direction the three in light-emitting diodes.

sets of data predict a value of (4.0 ± 0.9) x We wish to thank H. Nelson for supplying the

10- 2eV/(dyn/cm 2). The expected splittingof the diodes and H. Ogawa for assisting in the experimental

line is "-0.6 x 10- t 2 eV/(dyn/cm2), too small to measurements.

observe with the precision available.
Diode A (Fig. 2) shows the predicted linear varia-

tion of frequency with stress. The coefficient is ij. Feinieib S. Groves, T. Paul, and R. _allen, Ph~i.
(5.5 1 1.0) x IO-W eV/(dyn/cm2), in agreement 11.- 131. 2070 (196,).
with the calculated value for band-to-band transi- 2F. L. Galeener. G. B. r"ight, W. F-. Kra•. T. W. Quast.
tions, and consistent with the hydrostatic pressure and Ii. 3. Zeigef. Phys. Rrvt. .ttilers 10. 476 (1961).

results. The same behavior would be expected for 1• H. Kletner and L. M. Roth. Phys. Rrv. I eterqs2, .14 j,959).
transitions to o: from impurity levels which are S. Paul. J. AppL Phys. 32. 2082 (1961)-
tightly bound to one of the bands. In contrast the 5M. D. SrurSe. Pbys. Rrv. 127, 768 (1962).

62



APPENDIX III

EFFECT OF DOPING ON THE EMISSION PEAK

AND THE ABSORPTION EDGE OF GaAs

63



Volsume 3. Number 2 APPLIED PHYSICS LETTERS 19 July 1963

EFFECT OF DOPING ON THE EMISSION PEAK AND

THE ABSORPTION EDGE OF GaAs

R. Braunstein, J. I. Pankove. and H. Nelson
RCA Labotatories

Princeon. New Jersey
(Received 14 June 1963)

Nathan and Burns1 have shown that the fluores- also on the donor concentration, and that thi* de.
cence peak of zinc-doped gallium arsenide moves to pendence might be attributed to a concentration-
lower energies as the zinc concentration increases, dependent shrinkage of the energy gap.
In the present Letter we shall show that the band- Figure 1 shows the energy of the emission peak
to-band radiative recombination spectrum depends and the spectral halfwidth obtained with a number

of diodes at 7tIK. Because the energy of the emis-
sion peak usually varies sith the current through
xhe diode,2"3 all che '.Ata cf Fijt. I were taken with

roughly the same current density, about 10 A/cm2.
CONTENT ANALYSIS Diodes made with known tit, or silicon conceatrations

A. lasers, GaAs diodes were fabricated by zinc diffusion to produce a p-n
B. effect of dopinp on junction. Hence, at the p-n junction, the zinc con-

centration was approximately the same as the donor
emission and absorption _concentration (this statement assumes that there was

D. 500CK, 779K one free carrier pet impurity regardless of its chem-

E ical nature - which is not always true4). Diodes
made with a known zinc concentration were fabri-
cated by alloying a tin dot to the p-type crystal.
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It is'evidenr frown Fig. I that the donor coccentra' Absorption spectra of heavily doped nctype, p-type,
tion had a profound influence on the incoherent light and compensated GaAs were measured at room ter-
emitted by the p-n junction: The emission peak peraure. The absorption coefficients derived from
shifted to lower energies by about 40 meV for a these measurements Are shown in Fig. 2. The
two-order-of-magnitude increase in donor concentra- absorption edge of heavily doped n-type material 9

tion; and the line width increased by aiactor of three. occurs at a higher energy than that of the purer
It is remarkable chat the zinc data (alloyed junctions) material (n = I K 1016 cm-3); however, when one
follow the same trend as the data obtained with takes itla account th penetuation of the Fermi
donors for incoherent operation. All .the diodes level into the conduction band, one findc. chat the
obtained by diffusion showed laser action. The ccsnduc• ion band edge is at a lower energy than in
photon energy at coherence was lowered by about the case of the purer material. The absorption edge
15 meV as the donor concentration was increased of heavily doped p-type material is shifted to lower
by one order of magnitude. energy as the zinc concenCration increase*' !n" rhe

present case, at room temperature, because of the
One striking feature of the emission spectrum is large density of state effective mass of the valence

that even at the highest currents most of the emission band, no correction was needed for the penetration
occurs at energies lower than that of the gap in pure of the Fermi level; r. f., practically all the holes
GaAs (1.52 eV.' 6 ). This raises the question about were at the valence band edge. The similarity in
the possible perturbation of impurities on the band shape of the absorption edgle', for pure and forp-type
structure of this semiconductor. In the case of material suggests that one deals here with similar
germanium, it was found that a high impurity con- band-co-band transitions. The present data suggest
centrarion caused a large shrinkage of the energy an appreciable shrinkage of the energy gap due to
gap.7,9  Reasoning by analogy we may expect a heavy doping. In the compensated material with

uililat effect i: GaAs. 5 x 1017 holes/cm3 (the impurity concentration is
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somewhat larger) we did not see any structure in

[ r'.10
4  the absorption edge which might have suggested

a transition to a donor state. The shift of the absorp-

tion edge to lower energy was also seen in a single

Sn,'O. specimen of GaAs after a copper diffusion treatment

a1000- \ "'" which converted the material to p-type conductivity.

Low -tempetature measurements are underway for a

more precise determination of the band edge in

an-type material where, because of the low density

of state effective mass, the filling of the conduction

band must be carefully taken into account.

l ,We are grateful to D. A. Kramer and J. F.

Berkeyheiser for their assistance in these measure-

ments and to F. Hawrylo for his assistance in the

fabrication of the diodes.
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