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PURPOSE

The aim of this research program was a study ot the interactions of intense coherent
oprical radiation wizh ~olids. In this program, the expenmental crons sections for Joublesphoton
abrarpton, harmonic generavon, and frequency=mixing 1n semiconductors were o be compared
with theory. The semiconduciuis of the group HIeV and [LV] compounds were selected for studv

ince re able lictions be made reparding the sirenzihs < these tnteractions utlizing

since reasonable predictions can be made regarding the sirengihe of these tnteracoons uulizing
the known band structure of these solids. The linear or singlesphoton interactions are reasonably
well understood in these matenals so as to provide the major band structure parameters which
can be used to esumate highersorder intensitvedependent processes inmvolving multiplesphoton

cxcltation via virtual srates.
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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 (Ea = 2.5 eV) using a pulsed ruby laser (hw = 1.78 ¢V), The radia-
tive recombination emission from exciton and impurity levels subsequent to the simultancous
absorption of two quanta of fiw = 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 hew > E,. It was found
that the intensity of the recombination radiation is proportional to 17 for single-quanta excitation
and lg" for double-quanta excitation, where |  is the excitation intensity and n is a constant
which differs for different groups of emission lines. The observed cross section for doublesquanta

excitation is compared with theory utilizing the band parameters of CdS.

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. otserved in the four I1I-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 Qeswitched Nd3* 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 susceptibilitics, X, 4 were determined and found
to have the values of 0.76 x 10°%, 1.07 x 10", 0.25 x 10°%, and 0.18 x 10°¢ in electrostatic units
for InP, GaAs, AlISb and GaP, respectively.

Mixing of the axial modes of both a ruby and a Nd3* glass lascr 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 frequencies
and mobilities of these substances agrees with that expected for a photoconductive mixing

mechanism.

The effect of uniaxial stress on the emission of GaAs diodes operating both in the lasing
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 erussion 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 phoromixing studies, indicates the feasibility of producing tunable power at much
higher trequencies.
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I. OPTICAL DOUBLE-PHOTON ABSORPTION IN SEMICONDUCTORS

A. INTRGDUCTION

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 andis 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 capabie of
producing electron-hole for photon 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 semicenductors
and apply the results to calculate the double-quanta absorption cross sectien for the I1I-V compounds.
The observed double-quanta absorption cross sections of CdS will also be compared 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 absotption 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

in this substance, and it was therefore pessible 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 1I-V] and
1I-VI compounds. In addition, similar perturbation theory calculations for the three- and four-
photon processes, i.e., second-harmenic 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 (Bw = 1.78 V). The radia-
tive recombination emission from exciton and impurity levels subsequent to the simultaneous
absorption of two-quanta of fiw = 1.78 eV was observed as a function of laser intensity and



compared tn the emission excited by single-quanta absorption for photons of hw > E g ltwas
found that the intensity of the recombination radiation is proportional to lon for single-quanta ex-
citation and l(;““ for double-quantaexcitation where 1, ic the excitation intcnzity and a is & 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 Cd3; chese
results were published as an article in the Physical Review, a reprint of which is included in

Appendix .

Initially, the theory developed for the double-photon process in CdS utilized a three-band
mode! 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 valeace 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 te all the HI-V com-
pounds. This calculation enables one to set a Jower bound to the double-photon absorption cross
section while requiring a knowledge of very few band structure parameters. The theoret:cal de-
velopment isessentially similar to that previously published+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 fiw; and fiw,, both less than the band gap, but whose sum is

Fig. 1. Schemotic diagram of bond
structure model used to calculate
double-photon absorption in-
volving inter- ond intre-bond
tronsitions.

e H,ca



greater than the bandgap are inciden: upon the solid, the transition probability per uait time for an
electron to be excited from an initia! valence band state k to a final conduction band state k

by the simultaneous absorption of two photons is given by

2
2 Hvk.ck“ck.ck N Hvk,cl&“ck,ck
Pyk.ck ° t [Eck + Evl’ - ﬁ(«ul] [Eck + Eﬂt - ﬁmzl
‘(G(Esisck*-svk— ﬁml-hwz) (l)

where H , ., is the optical matrix element which couplesthe valeace band andthe conduction
band, and H | .
band. E_ is the separation of the valence and conduction band at k- 0; E_, and E | are the

energies of the conduction and valence bands, respectively, as measured from their extrema. In

y is the intra-band optical matrix element coupling states within the conduction

this calculation, we have considered oaly one virtual state, while in fact it is usually necesaary
to sum over all possible intermediate states. The justification for this procedure is that a domi-
nant contribution to the transition probability results fiom intermediate states which are closest

to the final conduction band.

The absorption coefficient K, for photon hw,. #hen hiw, and fhiw, are simultancously
present, may be simply related to the number of e | photons absorbed perunit time per unit

volume and is given by

K = — =
e A A @

where n is the index of refraction, c the velocity of light, and N, the density of photons ho .
The factor of 2 isincluded in the absorption coefficientto 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 Egs. (i) and (2}, the absorption coefficient is given by

2

K. - 4mn dsk Hvk.:k“ck.ck R Hvk.rk"ck.ck
PooeNih f @m0 | (B v Ey -fe)  (Eg o+ Ep - ha))

8y +Eg+ Eyy - hoy - Boy) 3)

3



We have used the conventional optical matrix elements:3

e [ 27N \7?
Hvk.ck = a.m - ka.ck e

Hck.ck = a.m o, Pck.ck e

(4)

where P, . and P_, ., are the appropriate momenta matrix elements, n; is the refractive index

vk,c
at w;, and a represents & unit vector for the photon polarization.

To obtain explicit expressions for K, for a given solid, it is necessary to have some
knowledge of the momenta matrix elements as well as the k dependence of E_, and E_,. If the
transitions are allowed, that is, the coupling is between bands of opposite parity, lpvt.cklz can
be taken as a constant, and can be evaluated from thesingle-quanta absorption edge. P

ck,.ck 15

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:*

oE

Pck'ck':mv:l/ﬁ _a_k'r_ (S)

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

E, =« i%¥2m, E_ -a ti%k?/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 2
_ @72aNa [P, | e
cnnim¥%(a_+ a)¥?

x (o, + fwy - EJY? x [1/he, + 1/he,)? %)

This expression is essentially similar to that previously obtained,?+? 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 thatthe characteristic features of the double-photon absorption
process are still revealed; the absorption coefficient of photons N, is a function of the density



N, of photons e, simultaneously present in the solid; the intensity-dependent absorption edge

increases as a power of phaton energies with a threshold at iw; + fiw, - Ez'

In order to evaluate Eq. (7) for a specific substance a knowledge of @, a,, E and P
is necessary. It can bc shown, using k- p perturbation theory® 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 P__is cu~stantd for all the 111-V compounds and is given by iP"lz
= 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 ares; taking the above value for
the square of the matrix element and assuming that hw, and fw, is approximately equal to E,
we obtain

3.6 x 10'480‘_2

1
02 = - MRS * cm4sec (8)
&
nn, (“c + a

A
e
(]

)Jf‘ E

v

»

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

as
. 2 f 2 1
a, = m/mc =1+ 2/3|ka'ck| (—é;- ’ E::—A—) ($)}

where E_ is the band gap at k = 0 and A is the spin-orbit splitting. The explicit values for the
double-photon absorption cross sections from Eq. (8) for the 11I-V compounds can be obtained
by assuming that the heavy-hole inverse effective mass ration e - 1 and using experimentally

determined values® of a.. E_, and A or the values of a_ calculated from Eq. (9). The values of

8
o, for some representative compounds are shown in Table I.

TABLE 1
GaAs InP InAs inSb
E, -eV 1.53 1.34 0.45 0.25
a_ - 13.3 15.2 RS 65.5
A - 0.33 0.24 0.43 0.84
o, —cmisec 2.8x 10749 3.7 x 10749 4.0 x 10748 1.4x10Y




It is seen from Table | tha: 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 case 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 by?

<48 ¢2
o, = 31 x 107771 cm*sec (10)
n?EZ(AE,)

where n is the refractive index, AE . is the width of thereal excited state at 2E . and f is the
f-number for the transition. In the derivation of Egqs. (8) and {(10), it was explicity assumed that

the absorption occurs by a single intermediate state which allows coupling between the initial

and final states. In fact, it is necessary to sum over all possible intermediate states. Consequently,

A T veD. ey & 2T Leg O =g

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

Ve 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.? The band parameters appropriate to CdS using aruby laser are a_=5,a, =02,

E =25eV,fio; = fiw,~1.8eVand IPog.c!? =10.5 eVm. The value of the momentum matrix
element for CdS differs slightly from that of the 1II-V compounds; this value is in good agreement
with experimental values of the effective masses of the 11-VI compounds. The three-band model

. yields o, = 3.3 x 10°47 cm* sec for *‘allowed-allowed” transitions, while for the ‘*allowed-
forbidden'” transitions o, = 7 x 10748 cm¥sec. Using the expression in Eq. (8) which was derived
for a two-band model, 0, = 6 x 10°4? cm#sec. The experimentally determined cross section for
CdS is 0, ~ 10748 cm4sec. Thus, virtual transitions involving intra-band matrix clements can
make a reasonable contribution to the doubl:ephoton absorption cross section, and indeed it is
necessary to sum over all inter- and intra-band transitions. Consegquently, the double-photon
absorption cross sections given by Eq. (8) represent a lower bound for this process.

C. TRANSMISSION THROUGH A NONLINEAR MEDIUM

Ve 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.Fa-o,FN, -0,F2N, an

where o, is the linear absorption cross section in units of cm?, 0, is the absorption cross section for
a quadratic loss process in units of cm¥sec, and N, and N, 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/cm?sec. We shall assuve that N, and N, 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

Ny x

F
T=eoe—-= - - (12)
F, o,N,xexplo,Nxl+o,N,xFjexpio,N;x} -0,N,xF,

where F and F is the transmitted and incident flux in photons/cm?sec. We see that for high
incident intensities, thetransmission ultimately saturates. If the linear absorption is large or

the incident flux is small, i.e.,

“lle >>a,N,xF,

-~
pu
\p
.

T - expl-o;Nxi

we obtain the conventional Lambert’s law; that is, the output is proportional to the input. How-
ever, if the flux is high

o,N,xFy>>0,N;x
(14)
T=1/1 +a,N,xF,

the output is a nonlinear function of input; if o, N,x F ;> 1 the transmission will decrease as a

function of incident intensity.

Figure 2 shows a plot of the absorption A = 1 - T for a medium having linear and quad-
ratic loss processes simultaneously present. When o ; N, x F, > 1, the quadratic loss becomes
the dominant absorption process, and in fact the medium becomes opaque. Similar expressions
can bereadily derived for spherical and cylindrical geometries with results similar to Eq. (12)
cxcept 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 ¢ 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 with distance and is independent of intensity, while
the quadratic and higher order processes will fall-off inversely proportional to the distance and
intensity.



I L] L] 'll'_l LI Yff'—

o J} :o =0.l

A-ABSORPTION (ARBITRARY UNITS)

Q

[ a=0.0f Aet- explo) [a+b] -b ]
102 -
as O”o N' oy :
[ be Ug'ﬂz'%' Fo .
. IF a<<b §

lo-SML I | -24 J 21 iA..l 1] 1 + 1 Y P

10 0 10 10 i 10
Tp"Np"*Fy
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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, atz 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 107 watts/cm? 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 absorpticn cross section given in Table I for gallium arsenide. one
obtains

a,N,xFy = (3x1074%) x (1042) x (107!) x (102%) » 3x10"2 (1%

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



pair created by double-photon absorption subsequently recombined and re-emitted a photon, the
double-photon absorption process would still set an intrinsic upper limit to the output power

since two quanta will be annihilated to produce one subsequently re-cmitted quantum.

If a focussed high-power laser is incident upon an ostensihly 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 107 watts/cm?. 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 incidentphoton 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 that one can
have a distribution of impurity levels at concentrations of 10!#/cm3 due to various rare-earth
impurities. A reasonable estimate of the double-photon absorption cross section for the ruby line
at hiw = 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 o, is 104% cm4sec. For an incident beam of 10°
watts/cm? and a l-cm-thick slab

o,N,xFo > (10749 . (10'8) . (1) - (10%%) ~ 1073 (16)

Linear absorption due to scattering from optical imperfections or residual impurities normally
yieid values of o N 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 absorprion 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 lasar beam of photons of
energy he ~ 3.1 eV and a flux density of 10 watts/cm? propagated through a kilometer path
length of 0, 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 o, can be estimated to be on the order of 10°3% cm4sec; consequently

o,N,xFy ~ (107°% - (10'8) . (10%). (102%) ~ 10 an




We see from Eq. {12) and Fig. 2 that the transmission of such a beam will 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 general, when evaluating the optical wansmission 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 cf double-photon absorprion also indicate that cne can con-
sider utilizing such a process for making extremely fast power limiters or optical shutters. Since
the cpacity of a marerial in which double-photon absorption can take place is 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 may 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 fiw 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 thehalf-width of a state at twice the laser frequency is very narrow, the cross sections
of double-photon absorption can be quite high.

As we have seen from this work and the results reported in Appendix I, 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 developedin this section, generalized to apply to the case of the
II-V and 1I-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 nccurately'the double-photon absorption cross sections in AlSb, GaAs,
GaP, InP, and Si using a Nd3* 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 ouzput obtainable from such devices.
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. HARMONIC GENERATION IN FOUR lli.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 doublesphoton absorption
in CdS? 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 II1-V semiconductor compounds comprise a group of materials whose band structure and res
lated parameters are well known. Consequcatly, 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 intensitics.? By comparing the measured harmonic cross sections
a,, ©f as was done in our work, the nonlinear susceptibilities X, . (proportional to a?w) of
several [1I-V compounds having different band structure parameters, we sought to identify the

pertinent parameters.

In this study we observed the second harmonic of a Nd3* laser generated at 5300 A
{2.34 eV) in single crystals of InP, GaAs, AlSb, and GaP. Our work on InP and AlSh 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 « 'k 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 andis emitted as a reflected beam. In the latter the only harmenic radiation
leaving the material is generated ar 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? reported
the first observation of harmonic generation in IlI-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
cbservation by Garfinkel and Engeler '0 of harmonics of several modesof the GaAs injection laser
in GaAs. More recently, Bloembergen, Chang, Ducuing, and Lallemand'! have reported the ob-
servation of reflected harmonics of both the ruby and neodymium lasers in InSb, InAs, GaSh, and
GaAs. For the latter, they have also observed the emission in transmission for the neodymium
excitation. Soref aad Moos'? have just published a very comprehensive siudy on harmonic gens
eration in [I-VI semiconductor alloy systems as well as in GaAs and GaP in the l{l-V category
under presen: consideration,

11
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Aii eaainination of the nonlinear susceptibilities of the seven lIl-V compounds studied so
far shows that the absolute value for X, , for Nd 3+ excitation lies between 0.2 x 10°® esu and
1.2 x 10"% esu. This compares with a value of 3 x10°? esu for KDP which is about the strongest
harmonic emitter among ionic crystals., This 150- to 400-fold increcase in X has been shown to be
due mainly to the resonance between the harmonic and the conduction bands. 12,13 I the case of
ionic crystals this does not occur for excitarion by frequencies as low as those produced by the

Nd3* 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 noalinear suscepiibilities 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
crysiallographic axes are presented in Section D. In Section D we also give the calculated values

of X, . Finally, in Section E we briefly discuss the consequences of our resulrs.

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 ligh:.
This problem was solved by Bloembergen and Pershan,'4 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
2 4P| F

= {18)

|E2w )2

. 2 "
(‘Za; - ‘w) * (‘2(:1

o are the real pants of the complex dielectric constant at frequencies

where ¢, . ¢
2w and w, respectively.

€30 is the imaginary parr ar frequency 2.
p is the nonlinear polarization vector and for the Td(4 3m) symmetry of
the I[I-V's is given by
P, - XMEi E, (i,j,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

_ ("h-; * nw)z + (L:Zw)z

F 2 2
My + D7 kg

{For k2w « 0, F is different)
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n,, and n  are the real indices of refraction at 2w and w, respccmely, and k
is the extinction coefficient at 2u. We can express (n, ) v (g, )?
and (k, )2 as functions of the complex dielectric constams as

200

follows J( T
€ + L€
(n, ) - 2 Zw 2'" : similarly for (n )’
. Y PR
(k )2 L l'z . ﬁ‘zw) ((2:‘])

2e) 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(¢)(E)? )

where K 1s a constant for given crystal and polarizer orientations.

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

E, isthe 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 theorem 'S one obtains

64 n2K2(x,,)? G(eiff (1, )2 F
)(n )2(1+n )4(1+n2)2[(. w €N e (:5;,)2]

_{8n

V2o ={Ca (20)

where W, = isthe harmonic power radiated from the slab.
I, isthe laser power measured after traversal of the slah by the beam.
A isthe area of the beam

If one uses cgs units 1X, 4! will be expressed in esu,

Although Eq. (20) could be used to obtain X, ,, it would require an absolute measurement
of W, /(1 m)z 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 cur
materials, '® we used it as our reference substance.

13
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Again utilizing the resules for a parallel slab used in obtaining Eq. (18) we obtain for a
nonuaiform slab of KDP having (110) faces the following expression for the harmonic power

¥, = (B2) (114 < 07) x5 (8 ) 2

This expression comes from the evaluation in Eq. (20) of the various factors for KDP. We used
the following values for the indices, “2; = 1.497, n§w = 1.471,'7 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. (217 and solve for X, 4 2/1x¥,|%. The result is

Y K \2
le4| wa

l(l)

where
300(n )2 (1+n )4 (1+ 0,277 [leg,,-e2)? + (52)7]

g -
"2K2 [G(p))° F

Hence, a measurement of the harmonic and monitor powers relative to a crystal of KDP =nables
one to determine the relative magnitude of the X, ’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., with a 2%-inch Nd3* glass rod. The Q-spoiler is a prism rotating at 60 cps. To
prevent damage to our samples we operated the iaser slightly above threshold. The emission
consisted of asingle pulse with a maximum power of about 10> warts and having a half-width of
about 0.1 psec. 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 AlSh we had to place the
crystal in an airtight cell containing Drierite to prevent moisture from attacking the surfaces.
An 1/8-in. aperture was used in measuring relative intensities for determining X, .. It assured
an equal area of emission for all of our samples. The glass beamesplitter 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

14



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.

cm FILYER

ommmeu\ GLASS /noout ATTENUATOR
SPLITTER

{ GLAN L \1- N - ~ 4 PHOTONATLIER
PRISM ' RCA P28

|
|
SAMPLE :
1

CORNING
FILTERS

n“Toass |
Q SWITCHED LASER

ATTENUATOR

CORNING
FILTERS
7.
1-89

e

4191
MONITOR TEKTRONIX

PHOTOMULTIPLIER 502
RCA TI02 DUAL BEAM

l ]

Fig. 3. Experimentai arrongement for measuring second harmonic emissien.

Several comments should be made here. Initially, we observed the harmenics 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 hus been
shown '8 thac che fluctuations of the harmonic emission follows a harmonic monitor much more
closely than the direcr 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 I[-D.

2. Somple Preparation

The crystals of GaAs, InP, and GaP were grown ar the RCA laboratories and kindly
furnished us. The AlSb sample was obtained from Battelle Memorial Institute. Ot the RCA crys-
tals, GaP was grown epitaxially, InP by the Bridgman methed, and GaAs by the Czochralski
process. Only the GaP crystal was doped (with sulfur) and had a carrier concentration between
10!7 and 10!8 per cc. The carrier concentrations in GaAs (111), GaAs (110), IaP (111) and
AlSb (110) were 3.6x 1016, 1.4x 1016, 3,22 x 1016 and 2x 1017, respectively, The crystal oriene
tations were established by X-ray analysis.

1s
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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 crientational
dependence 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 X, ., 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 fine corundum prior to etching.
It was also beneficial to polish the faces irradiated by the laser after the samples were etched.

The optimum eiches were:

InP - HN03 + HCL. (dull smooth side toward laser)

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

GaAs(110) - 6H2804 + H202 + Hzo {both sides identical)

AlSh ~ best results with both faces polished 2nd unetched

GaP - 3H2804 + 6l-IN0{)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 [1-B thar we have to
determine the function KG(y) 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, P; « x, E.E,. 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 vxciting and emiteed radiations, The
results of these trigonometric calculations for both the (111) 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 Il and the corresponding experis
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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ctched or polished. This was not quite true for GaP for both surface treatments. We also found

that polished crystals of GaAs behaved similar to GaP.

Since our results for the lasee polaiized herizentally and rhe analyzer vertical seemed to
lie closest to the expected behavior, we chose these polarizatiors for making our quantitative
relative intensity measurements for decermining X, . 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 1l
KG(y) FROM EQ. (i9) FOR TRANSMISSION AT NORMAL INCIDENCE
(111) FACE
; — e e
o EL VE RT_.‘" . _,--____,E_,i: HOR_.M N
chu vert. 5/4 sin® € coswii-g sir.z:,';} . 14 uind e cogh {14 cindiiy
P,,, hor. 3/4 sin? 0 sing (3-4 siny) 3/4 sin? @ siny (1-4 cos?®)
(110) FACE
| , I
] sz vert. 3/2 sin“yr cosyp 172 cosy (1-3 sin=y)
L Pzw hor. /2 sin (1+3 COSZl,{'J) 3./2 Coszz,ﬂ sings
I Where 8 - 54°
L y - angie between pulanizer and - 001 > axis
T T T T H —T T T T
> GodAs ((I11)
e
& 1.2 En (1.064 ) .
W Ey(0.334)
=z
0.8
w
>
%04
~
w
(4
0 1 ] L 1 1 L i

-850° -40° -30° -20° -i0* O 10* 20° 30° 40° S0°
v

Fig. 4. Intensity of harmonic generation in GaAs ox o function of rotation about the normal 10
the (111) plone. i is the ongle between the vertical and the <001> direction for sii
of these figures. The polarizations of the incident and emitted radiation are specified
in the figure; nomely, the excitation is polarized horizontally ond thot of the emission
vertically. The sclid curve is the theoretical angulor dependence; the circled points
are the experimental results. The exit fzc= {Go side) wos stched.
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2. Determination of x,

To obtain the nonlinear susceptibilities we need to evaluate the function i in Eq. (22)
and then insert the intensities for both KDP and each of the compounds under consideration. The
pettinent optical constants as well as the calculated function, [, are given in Table Ill. Since
the dielectric constants for GaAs and GaP wzr= obrained from measuring off a small drawing we
would place an uncertainty of about +5% on these values. The extrapolation procedure for InP

and AlSb would increase this uncertainty to a possible :10%.

TABLE Il
OPTICAL CONSTANTS FOR THE 111-V COMPOUNDS

IaP (111) GaAs (111) AlSh (110} GaP {111}

*E, | 120V 1.35 eV 1.60 eV 2.2 eV
e | 17.9 *217.2 | 154 **10.6

! € 1.9 *+11.7 16.3 ** 9.0

l 2 3.2 ** 2.8 2.1 ** 0

I ke, 0.15 0.12 0.10 0

| LI 4.24 4.16 3.87 3.25

| n, 3.44 3.41 3.30 3.00

LE 1.8x10° 94x10 | 3.5-10¢ i 5.2x103

* Ref. T, S, Moss, Optical Properires of Semi=Conductors (Acad. Press, 1999)
p. 224.

** Ref. H. R. Phillipp, H. Ehrenreich, Phys. Rev. 129, 1550 (1963).

The values of the complex dielectric constants for InP and AlSb were obtained
by linear extuzapolation using the measured values for GaAs and GabP.

The measured intensities for both the monitored laser frequency and the harmonic, to-
gether with the calculated susceptibilities are displayed in Table 1V. The corrected X, values
refer o a correction for scawcnng iosses at the exit surfaces where the harmonics were gener-
ated. This correction, which is of approximate nature, is based on the observation thar 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 thue
there were no losses in the bulk,!? 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. Conseguently,

we were able to calculate the losses ar the exit surfaces and have inserted these correccions in



the table. We list both values of X, | due to the uncertain nature of this correction. The targer

uncertainty in the result for AISb is due to the poor surfaces of this matenal

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

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

TABLE IV
MEASURED INTENNMTIES AND CALCULATED SUSCEPTIBILITIES

: InP GoAs ! AlSb ! GaP |
L e — . e ————— e - e e e e e
b ! ] , !
kWZm 2.2 + .4 volrs 22 + 2 volts ; 1.1 + 0.7 volts i 1.8 + | volts i
] i |
] :
wkDP 9y ! 2244 " 21+ 3 ' 20+2 * :
2 I ; I |
: i i :
i I, ! 12 + 1 mv i 23+ imy i 12«6 mv ; 94+ 2 mv !
i i : ' H |
i IXDP b 40 g I 40 r4q - 286 I 36.2- 1
i | | s i
i . | . : . : .
X1, 106x107C esu (2 30%) 112161070 esu (2 30%) 1 0.31%10° esu (+ 75%) - 0.26310°" esu (357 !
1 N
N ]
X3y 0.76 - .00 0.2 - L o
. |
]
«yB " . o - -
Xp, - 1.20 (+50%)
RESVIEE 0.87 - - -
'"X?d ' - 1.53 " (+50% - ' 0.25 " (+50%)
!
—_ —d o e e — e i i e e m - P -

+ Peak intensities as measured on oscilloscope with 10 ki} load.

* Ref. K. Bicczmbergen, R. K. Chang, J. Ducuing, P. LLallemand (presented ar Semiconductar Physics € onfer.,
Pars, 1964).

*s Ref. M. Garfinkel, W. I, Engeler, App. Phys, I.ct}; 3, 178 (1963)
(Note: Authors erroneously give value of 2.6 % JF0O csu; using their data and lormula, we abramned (LE™ « [P0 esu),

*es Ref. K. A, Soref, H. W. Moos, ]J. App. Phys. 35, 2152 (1964).

E. DISCUSSION

Second harmonic generation in four members of the [11-V family of semiconductors (InP,
GaAs, AlSb, and GaP) was observed for excitation by a Qeswitched Nd** glass laser. We have
observed this radiation for the first time 1n AlSb and InP. Since these substances are opague at
the harmonic frequency, the emission was generated in the surface layer of - 1000-& thickness

at the exit faces of these crysrals.

From the measured intensitics we have calculated the nonlinear susceptibility cocfficient
of these compounds. For GaAs and GaP, which have been studied before, our values are within

experimental error of those reported previously. 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 symmertry is still re-
markably preserved within a thickness of ~ 1000 A 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 propetties of the complex multimodal laser emission.
Consequently, it appears 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°% cm?, the power
density would be equivalent to that used in our experiment. The use of a narrow-band lock-in
amplifier arrangement wculd 1acrease 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 canvergent heam in a nonlinear medium,

Our results can be analyzed in terms of the quantum mechanical treatments for second
harmonic generartion in insulators and semiconductors developed by Butcher and Mcl.ean?® and
Kelley,2! among others. Soref!? and Soref and Moos'? have derived from the above treatments
relationships between band structure and the nonlinear susceptibility coefficients. For a sime
plified model consisting of spherical conduction and valence bands having equal cffective
masses, assuming vertical electric dipole transitions at k = 0, the aboveementioned investigators
found that the noalincar susceptibility depends strongly on the parameter (E -2hw)/hw. They
found very good experimental agreement with this dependence for the alloy system (dSe. CdS-
ZnS which has band gaps varying from 1.7] eV to 3.56 eV, andfor which this parameter varies
between - 0.59 and 1,04 for the Nd3* laser. The most interesting feature of both the calculated
and measured susceptibilities is that as (Ex - 2hiw)/ hiw decreases from 1 to 0, X increases
slowly. However, when E - 2fiw 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 X4 for GaAs, AlSb, and GaP can also be fitzed by the curve derived by
Soref and Moos. In fact, to do so, we must assign to AlSb a direct band gap of 2.3 + 0.3 ¢V, 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 x|, for InP,
as well as those obtained by Bloembergen et al.!! for GaSb, InAs and InSbh are much smaller
than predicred by the dependence of X, , on (E, - 2hw)/fiw. In fact, the noniinear susceptibility
appears to oscillate about an approximate value of 1 x 10" ¢ esu for values of the above parameter
smaller than - 0.9. To explain this behavior as well as the dispersion in X4 measured by
Bloembergen et al. will require a more complicated band structure model than has been used so

far.
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. FREQUENCY MIXING IN SEMICONDUCTORS

A. INTRODUCTION

Magneto- and electro-optic eftects have usually been studied where the E- and H-fields
are statically applied and an incident radiation field merely causes electronie transitions between
levels. In scmiconductors and insulators, the intrinsic absorption edges are displaced by the
application of sratic E-fields of approximately 10°. cm. When an external H-field of approximately
10* gauss is applied to semiconductors, the valenie and conduction bands splitinto Landau
levels and oscillatory-absorption structure 1s observed. The electronic nature of these effects
would indicate that if high optical E- and H-fields are incident upon a semiconductor, the radia-
tion field could cause a mixing of levels as well as electronic transitions beeween levels with
the censequence that the real and imaginary parts of the abserption could respond o the differ-
ence frcquency duc to the prt;'bcﬂccul’ iwu Upiitd; frcquclu.ich te rdeni i dhc :‘u-i;:i}-m:n:n-f ui
the absorption edge of the semiconductor. The possibility of ebserving such nonlinearinies was

discussed in a previous publica:ion.]

While instrumentaticn was being assembled to study this type of onlinear interaction,
observations of optical frequency-mixing in bulk CdSc<~ were reported. In these experiments,
the axial modes of a ruby laser were mixed 1o obtain microwave power in the 1 te S Ge sec region.
The microwave power was found to be proportional to the square of the applicd bias and the in-
cideni intensity. This was also indicated in our work. The frequency-mixing could possibly be
interpreted as a manifestatcion of the previously proposed nonlinear interband field etfect How-
ever, since the axial modes overlapped the bandgap. the resuliant carrier geacration rate could
be modulated at the difference frequency and the application of a constant electne ficld o the
sample could cause microwave power to be radiated: consequently, the observed offect could be
interpreted in terms of a photoconductive mechanism rather than in terms of 2 nonlinear interband

cffect.

It can be shown thatin the case of mixing produced by shifting of the band ¢dge by a
high-frequency E-field {the shift of the band edge is independent of the direction of the E-fieldy,
it would be necessary to apply an external bias ficld to observe the difference frequency The
expected power at the difference frequency would be proportional to the square of the bias freld
and the incident iniensity, thus, both photomixing and the anterhand mixing wout!have thi com
mon feature. The pewer produced by photoconductive interactions would, however, also be sen-
sitive to the mobilities and lifetimes of the gencrated carriers while thenonlinear interband cffece
would be insensitiveto these parameters. tn addition, the latter interaction s capected o be
relatively independent of the frequency difference between the two indident monochromatic beams.

whilc the photomixing process would be markedly frequency-dependent.



To understand the mechanism responsible for the irequency-mixing 1n CdSe these obser-
vations wete repeated and extended to Ge, GaAs, and Si using a ruby and Nd laser with each of
these substances. Since these different laser sources overiapped appreciably different regions ot
the band edge, a nenlinear interband effect would yield differences 1n microwave output for cach

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

The results obtained from these experiments substantiate the tnterpretation that the ob-
scrved effects were due to photoconductive mixing and nor to any nonlinear effects associated

with a =hift in theabsorption edges in these substances. This conclusion is also substantiated

by other work. 2225

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.?® a reprine of

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

o~ -
r ’

iaser would be readiiy wuned tirough 17 of 1is fiequency. The usc of uniaxial streas was alse
shown to be a uscful parameter for studying the nature of electronic transitions invalved in the
emission processes from semiconductors. The work on frequency-mixing in semiconductors and
stress-tuning of mnjection lasers indicates the possibility of producing tuneabic power at high
microwave frequencies. This could be realized by mixing the frequencies of two differen: tasers,
one derived from a stress-tuned diode the other from an unstressed source on an appropriate semi-

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

8. EXPERIMENTAL ARRANGEMENT

The difference frequencies produced by the mixing of the axial modes of a ruby or
Nd’“:CaWO_‘ laser in CdSe, Si, GaAs, and Ge were coupled to a coaxial transmission line and
detected by conventional ff techniques. The optical lascers employed were of the non-Q switched
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 incident fascr beam ctehed
with appropriate low surface recombination etches. The semiconductors were connected between
the central and outer conductors of the coaxial transmission line by means of nickel tabs which
were resistance-soldered to the semiconductors A biasing ficld was applicd across the 2-mm
length of sample by means of dc-blocking czpacitor. A high-pass if filter was placed between the
coaxial line and the rf-detecting system o biock 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 crystai detector or spectrum analyzer depending upon the appropriate levels of micro-
wave power. The power was determined by the use of calibrated attenuaiors. The ruby Laser crys-
tal was 7.8 cm long; if one takes the index of refraction (n 1.76) for ruby, the predicted axial
mode separation \A .- ¢/2nl.  1.092 » 10 cps, which compares with the lowest detected beat

frequency of 1.064 =« 107 cps. The Nd*' laser was a CaWO , crystal contaming 1% Nd and was



5.06 cm long. The predicted axial mode separation was 1.94 « 107 vps while the nbserved axial
mode separation was 1.537 - 107 ¢ps. The observed and predicted mode separations are in rea-
sonable agreemcnt considering the errars in n and L. The Nd** laser had a sufficiently low

threshold so that it was possible to operate 1t at a repctition rate of 1 per 3 sec as compared to

1 per 20 sec for the ruby laser

Figure 9 shows the block diagram of the experimiental arrangement. So as not to hear the
sample at high bias fields or when using low-resistivity samples. the bias ficlds 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 vanable delay amplifier in the bias chan-
nel so as to enable the ficldto be applied in approximate coincidence with the laser signal. When
measurements as a function of lascr intensity were performed, the flashlamp voltage was kept
fixed and the light incident upon the saimples was attenuated by calibrated wire mesh and neutral
density filters. The laser output was monirored 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 channels cf 2 dual-beam oscilloscope.

RCA-~
o
[ SAMPLE
14
LASER |.__ ,f_—‘—' nc,m
------- BLOCKING |~ scorE
HEAD couoens:
COAX - LINE ,
nzsnm
POWER SUPPLY ——
SUPPLY
L Hyg - RELAY
DELAY
TRIGGER AMPL.

Fig. 9. Schematic diagram tor detecting microwava beat frequencies.

The schematic diagram of the pulse amplifier. tme delay amplifier, and relay circuir for
trigger the laser flash lamp and bias circuit is shown in Fig. 10. The reed of the Hg relay had a
delay of ~ 107 seconds but with less than a microsecond of time-gitter. The pulse delay circuit
was made up of three identical channels, ecach with a variable delay time from 20-300 p seconds
which could be used in series. Thisdelay time together with the delay between the exciting of the

flashlamp and the initiarion of the laser spikes were sufficient to vnable time coincidence to be
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obtained between the bias pulse and laser signal. The pulse amplifier and pulse time delay cir-

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

obiain time overlap of the laser signals.

BULSE ANP

PULSE Timg

2

-4

e e it atis e e —

Fig. 10. Circuit diagram of pulse amplifier, time delay amplifier and
relay for triggering laser and bias.

C. EXPERIMENTAL RESULTS

Typical experimental results for GaAs with a ruby laser are shown in Fig. 11a. The upper
trace shows the laser output as monitored by the photomultiplier and the lower trace shows the
rectified microwave signal. The duration of the microwave spikes were of the order of 107" seconds.
The frequency width of the microwave signal was of the order of 1 Mc/sec as measured & :th the
spectrum analyzer, indicating that the width was determined by the Fourier components ot 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 cach coherent burst of the oprical 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 taken for a given ex-

perimental condition to obtain an average signal.
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Fig. 11. Correlation between microwave and exciting laser signal.

b.

The upper troce 1s the ruby laser and the lower trace is the 1.064.5c yignal
from GaAs with sweep speed of 100 j1 sec-¢m.

The 1.537-G¢ signal from Ge excited by o Nd faser; the upper trace shows
the microwave signal while the lower tracs dizplays the loser signa! with
sweop of 100 p sec-em.

Same experimenta! conditions a5 (b} but with sweep of 50 4 sec/cm.
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The rf signals were foundto depend upon the impedance mismatch berween the samples
and the transmission line. The dc resistance of the GaAs samples was ~ 10 megohms. At high
light levels where the photeconductivity was large compared to the sample dark conductivity, the
amount of mismatch dezended 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 thar within experimental error, the signal varies as the
square of both the bias field and the intensity. The 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 INTENSITY
-2

RUBY LASER WITH GoAs

DIFE. FREQ.-1.084 510% cps
A-OUTPUT POWER vs BIAS
s B - OUTPUT POWER vs INT.

6‘
[

MICROWAVE POWER (WAYTS)
-]
T

5,
{

J_J P
10 w? 103 104
BIAS -(VOLTYS)

Fig. 12. Microwove power output vs. bias and laser intensity
for GoAs with ruby fase:r.

The 1.5, 7 -/sec signals from Ge using the Nd:CaWO, laser are shown in Fig. 11b; the
upper trace siows ihe microwave signal while the lower trace shows the laser signal. A time-
expanded scale under the same experimental conditions is displayed in Fig. 11c, where again it

is seen that there is no direct correlaiion between the intensity of the microwave and laser signals.
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The peak microwave power for Ge with the Nd'' 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 o saturation value; the bias
was applied across 2 mm of the sample, 1 ¢.. the field at which the bieak occurred was 1000 V-cm.
Although the sample resistance was 500 ohms. the bias was applied for a time duration ~ 107°
seconds to obviate excessive jouie heating of the sampie. Since the Nd";CaTO_‘ lascr could be
operated at a repetition rate of 1/3 sec. the taking of a sufficient number of data points to de-

lineate the shape of this curve was greatly facilitated.
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Fig. 13. Microwave power from Ge with Nd3* lasar
us o function of bias.

To further explore this saturation effect observed in Ge, measurements were made on the
mixing 1n Si with a ruby laser. The Si samples were compensated and had a room tempetature
resistance of approximately 10,000 chms. The output signal versus bias curves at 300 K and
78K are shown in Fig. 14. These results show a quadratic dependency of the signal on bias for
fields up to 1000 V/cm after which they again tend to saturate as with Ge. The increase in out-
put power by a factor of ~ 400 for the sample temnerature of 78°K relative to that at 300°K should
be noted. The sample resistance was ~ 10,000 ochms at 300K and increased to more than 100
mcgohms at 78°K. it is unlikely that the saturation of the signal at thehigh fields 15 caused by
an increase in temperature of the Si samples due 1o joule heating as was the possibility with the

low-resistance Ge samples.
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Fig. 14. Microwave power from Si with ruby laser vs.

bias at 300K ond 78°K.

Equivalent data on the bias and intensity dependence of the signal using both the ruby
laser as well as the Nd laser on Ge were obzained; the output power was appreximately the same
in both cases. Since each of these frequencies lie at appreciably different points of the Ge ab-
sorption edge, it seems likely that the frequency-mixing is due to a photoconductive process and
is not engendered by nonlinear effects due to the shift of the band edge. A comparison was alxc
made of the relative power outputs at the first, second, and third 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 experimental results reported in the previous section 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 a photoconductive frequency-inixing process and shall then compare the theory with

the observed results. This problem has also been treated by a number of authors 23.23

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 compenents 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 fre-
quencies, one can neglect the contributions of the harmonic and sum frequencies since the gen-
erated minerity carriers cannot respond to these frequencies. Consider two similarly polarized
monochromatic vptical beams of photon energies hw |, and kw,, spatially and temporarily coin-
cident upon a semiconductor surface of area xy and absorption coefficient K. The rate of genera-

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

d —_ ] L,
”—bfi(,z'”‘“ K[F, F,+2 JFF, e "] ekz I (23)

4

where r is the minority carrier lifetime, @3 @~ w5, and F | and F, are the corresponding fluxes
in photon/sec/cm? of the respective beams. Performing the integration with respect to t we

obiain:

Krc'klel » Fol .’.Kr‘/FIF‘,c'k"c."""'

. . ,, Y.
Xy xy[l + lt.?} (24

N(z, )

If we allow 7 to tepresent the fraction of incident photons effective in creating electron-hole
pairs within the bulk of the semiconductor, the integration over 2 can be petformed by replacing

the terms K e™¥% by . If we take the real part of Eq. (24), we obtain

rlF «F,l 2!1,-\/Fll"2cos (e 5t + ¢h)

N(t) T
Xy xyil . ()27

where & tan”* =~
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When a dc bias field Eg = v/x is applied to the sample a current 1= N {4 Eg yz will flow
which is given by

ruenglF +FLIE 2ruencos (wyr+ )
A A el TN > (26)

x x[l+(m5r)2]l/'

The first term is the dc photocurrent while the second term is the microwave current. If the sample
output is terminated in a matched load R, , the microwave power at the difference frequency

that can be radiated is given by

pw = 1/2 RL 1 (27)
3 x(ﬁw>[1+(m3r)2]/1

where we have expressed the flux in terms of the total incident optical power of both beams and
<hw> 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
wqr>>1, theoutput power will be independent of the minority carrier lifetime and will vary in- .
versely as the square of the difference frequency; while if w;r<<1 the radiation will be independent
of w; but will in addition be dependent upon r?. For high frequencies where w4 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 Cd8,
Si, Ge, and GaAs have the common feature that the microwave output power is proportional te the
squ’ére of the incident optical intensity and bias fieldand is 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 o substance. These sbservations 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 wyr>>1 in Ge, Si, and GaAs which scems reasonable for the
reported minority carr:er lifetimes at these substances; 5 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 7 is
therefore determined by the reflection losses which are approximatety 50% for these semicon-
duciors. {f Wil fuitheinioie be aasumed thai iG axial modes of equai intensity contribute to the

optical power in both the ruby and Nd3* jaser.
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For Ge with Nd, taking u = 3600 cm?/V-sec and a bias field of 10? V/cm, Eq. (27) pre-
dicts a power output of ~ 2 x 10™4 watts as compared with the observed value of ~ 10”4 waus
shown in Fig. 13. The predicted signal for Si with ruby using 4 = 1000 cm?/V-sec and
Ep =102 V/cm is 10"* watts at 300°K, as compared with the 2 x 10" > waus given in Fig. 13.
The increase is signal by a factor of 400 for St in going from 300°K to 78K can be understood
on the basis that the mobility increases by a factor of 10 for this temperature difference.2® 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°% watts for u = 3000 cm?/V-sec and Ep - 10} V/cm. Thus we see that there is
reasonable agreement between the observed and predicted microwave power. Since tne reasonable
assumption was made that w;r>>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.2?

The results of the optical frequency-mixing for the conditions of these experiments are
in substantial agreement with the results expected for a photomixing mechanism. The possibility
of observing optical frequency-mixing via nonlinear interband effects in semiconductors still
remain 1o 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 werk was partially supported by the contract funds as well as by RCA Laboratones’

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

A. INTRODUCTION

Although presently available injection lasers have output powers of the arder 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 seciion
on double-photen 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, it is possible to observe
internal second-harmonic gencration in GaAs as a consequence of the high internal power den-
sities. 1% Despite the relatively low rotal 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

advaantage in narrow-banding the measurements for improved signalstosnoisec 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 outpur power from diodes fabricated by various rechniques were ex-
amined. It was demonstrated that the frequency of GaAs injection lascrs can bhe readily tuned
through 0.5% of its frequency by the application of uniaxial stress. The use of uniaxial stress
was also shown to be a useful parameter for studying the nature of the eicctronic transitions

involved in the emission process.

The study of the photoconductive mixing in semiconductors at 1 Ge/sec (Section [) 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 semio

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 of uniaxial stress for changing the laser frequency has the advantage
over other methods (hydrostatic pressure, 30 magnetic field3!), in that the auxiliary equipment
can be made simpler and smaller. In addition, the application of uniaxial stress to semicon-
ductors generally splits energy levels which are degencrate in the absence of stress and so can
be used as a means of identifying recombination processes. We have studied the cffect of uni-

axial stress on the frequency spectrum of spontaneous and stimulated light emitted from GaAs
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lacer diodes, and have obtained preliminary infoimation about the nature of the electronic transi-
tions responsibic for the emission ia such diodes. In particular, different emission processes

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

The experimental arrangement is shown in Fig. 15 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 rypical dimensinns of

0.6 x 0.16 x 0.10 mm, and had cleaved sides.

APPLIED
PRESSURE
INSULATOR AND z ! ool
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ELECTRICAL— | .. _. -7
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L WiTH P-N JUNCTION

SUPPORT PLATE

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

The effect of uniaxial compression on the coherent emission of a typrcal laser diode 1s
shown in Fig. 16. The emission lines are not single resonant modes of the diode, but racher
envelopes of a number of such modes. Unfortunately, samples small enough, ~o thar individual
modes could be resolved (separation of 2 A for the longitudinal modes), were too fragile for
stress measurements. Both shifts of the location of the envelopes with umaxial stress as well
as "'moding’’ from one set of envelopes to another have been observed. These frequency changes
arc 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 diode was 20 4
or 0.25% in frequency. In some diodes it was found that the envelope curves narrowed wich 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 weil as on changes of cthe resonant cavity. The interpre-
tation of the dara is therefore more complicaied since it requires the knowledge of the individual
cavity modes. We therefore also studied the incoherent light emission which should only depend

on the electronic transition,
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Fig. 16. Recorder trace of the coherant emission line from o GoAs diode ot
three different stresses. The curves are displaced vertically for
clarity. The linewidths are due 1o the unresclved modes.
{Instrumental resolution ~1 A.)

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 encrgy is plotred in
Fig. 17 as function of the uniaxial compressive stress for three different diodes. It is clear tha
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 ~ 1 = 101%/cm? S
atoms on a crystal with 1 x 10!? Zn aroms/cm3, with subsequent diffusion to form a graded
junction. This diode did not '‘lase.” Diodes B and C were alse made by solution growth and
diffusion, but the grown region was doped with both Sn and Te to a toral concentration of
1 x 10'8/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 cnergy (1.47 eV).
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Fig. 17. Shift of the incoherent emission line from three typical GaAs diodes
with unioxial compression stress at 78°K. The indicated spreed of
the individual data points represents the varigtion of the results of
all the measurements made at o given stress.

If the emission is due to band-to-band recombination or recombipation via an exciton,
then one can calculate that the emission line is both shifted in its average value and split duc
to strain. 32 For simplicity we shall assume thar the band structure of Gads atk 0 is similar
for that of Ge and. consequently, shall employ the theory as was developed for Ge.?3 For the

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

T
E-F_ - (Dy- DY) ——100__ (28)
o d d
Cyy + 2Cy,

and the splitting

T
2A - 4/3 D, =100 (29)
1 ('12

in the notation of Kleiner and Roth.?3 T, g0 15 the applied stress. The quantiry (!)5 DY) for
GaAs can be determined from the effect of hydrostatic pressure on abscrption measurements 34 or

30 of from the effect of shear stress on the absorption. 3% The

from emission measurements
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,32:36 and we expect similar values to apply for GaAs
because of the similarity of the valence band structures of the rwo marterials. In that case 27

becomes 1.5 meV tor 2.5 x 10? dyn/cm?, our largest stress,



Diode A (Fig. 17) does appear to folizw 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 (Df’ - DY) from the slope of the straight line and the known
elastic constants3’ 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 zither a band-to-band transi-
tion, 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 tyre B and C diodes can certainly not be explained by
the simple model. Rather, the emission appears to take place between energy levels thar are
more complicated. These may be shifting relative to the band edges or more complicated split-
tings may occur. A detailed interpreration 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 Iii-V compounds and aiioys 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-emirtting 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 20% 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 nature of the oprical 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, cne
abling the force to be applied by electrical means; this structure allew=d a fine control of the
frequency of the laser diodes by remote control. In order to measure the resultant stress, another
piezo-eleciric element 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. Schemotic diagram of uniaxial stress opparatus.

C. PROPERTIES OF GoAs 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 H. Nelson of rhese lLaboratories either by
diffusion or by solution-growth techniques; the more efficient diodes were grown by the latrer
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 the 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 heating, so that the frequency distri-
bution did not change during the pulse; this frequently has meant shore pulses (less than J-psec
duration). The power output of many of thesc diodes were ~ 100 mW with efficiency of ~ 1%; for
these measurements a photomultiplier calibrated with a calorimeter was used. Improvements with
respect to material and mounting procedures have enabled cw operation. In such cases, we have

obtained freedom from frequency drift when the sample temperature reached a steadyestate value.

The diodes varied considerably in their respense, even for samples cut from the same
waler. Two of the quantities most easily measured were threshold current and cfficiency of
racliation at liquid nitrogen temperatures, and these quantities do not vary much among good

diodes. When the light outpur as function of direction (far field patiern) was investigated, a
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large amount of variation was observed. However, for diodes that had good resonant cavities an
almost ideal pattem 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-fisld pattem of o 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 fuce if the
entire junction is oscillating in phase. The width will be related in a complicated way to the

junction thickness, 3% The diffraction of the central maximum is given by

sin-& - A

2 a
{30)

sinf -2

2 b

A far-field picture of a GaAs diode is shown in Fig, 20. The central maximum is given approxi-
mately by e = 2% B8 = 90% so that a = 50, b = 1.2u. The length a is ahout one half of the acrual

width of the diade, so rhar-the coherence region covers a large fraction of the junctions.
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Fig. 20. For-field pattern of GaAs laser diode.

D. MODAL STRUCTURE OF GoAs LASER EMISSION

The physical dimensions of a GaAs diode are very small compared with these of crystal
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 ¢, and it primarily
determives the mode structure of the laser. The frequency, v, of the possible modes is grven by

the rel ationship

where m is an integer and n_ the index of refraction. The frequency difference between adjacent

modes is then givea by

ot in terms of wave numbers

Av 1
- {31
on
¢ 2*&(!1’ + =t i
dv
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For GaAs at 8400 K n, is 3.5 and -V:—,;-' > 1.5.3% This shows that the wave aumber of the dif-
ference-itequency radiation produced by mixing of two adjacent modes is inversely propottional
to the cavity length. For gas lasers A/c isof the order of 10°2 cm™ ! or 300 Mc, for crystal lasers
one order of magnitude higher, while typical injection lasers have the value A/c =3 cm' ! 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 gencral 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.

surements on one dinde have heen taken with a larrel-Ash spectrometer
of much higher resolution. The result of one run (at 4.2°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 A between lines. The longitudinal mode spacing for this diode (0.56 mm wide) is calculated
to be 1.25 K, which confirms the assignment of the lines. These same cavity modes are also
observed below threshold in spontaneous emission. There the intensity distribution of lines is

considerably smoother.

r
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1

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

The experimental arrangement for producing frequency-mixing in the microwave region
employing laser diodes 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 modes. When two separate diodes are employed it will be necessary o

SEMITRANSPARENT
MIRROR PHOTOMIXER

=

%  DETECTOR
4

GoAs  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 fourd 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.4? A reprint of this publication is included in Appendix III.

The essential instrumentation for these experiments has been completed and a search

for radiation is to be initiared.
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Optical Double-Photon Absorption in CdSt

R. BeaUNSTEIN aND N. OCKMAN
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Olservations have heen masde of the two-pholon excitation of an elecuon from the valence to the con-
duction band in CdS (F,=2.5 ¢V) using a pulsed ruby laser (Aw=1.78 ¢V). The radiative recombination
cmission from cxciton and impurity levels subsequent to the simultaneous sbeorption of twe quanta of
A =1.78 eV was ohserved as a function of laser intensity and compared to the emission excited by single-
quanta absorption for photons of Aw> E,. It was found that the intensity of the recombination radiatian js
proportional to f® for single-quanta excitation and /4 for doubile-quanta cxcitation, where /4 is the excita-
tion intensity and » is a constant which differs for different groups of emission lines. The observed cross
section for double-quanta excitation is compared with theorv utilizing the band parameters of {'dS.

1. INTRODUCTION

N intrinsic semiconductor normally does not
exhibit any optical absorption capable of produc-
ing electron-hole pairs for photon energies less than the
encrgy gap. This is true for the light intensities employed
in conventional optical absorption experiments. How-
ever, 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 ronsequently in principle, a
perfectly transparent semivonductor does not exist!
This type of transition involves virtual states and does
not require the presence of impurity levels within the
forbidden gap. In ihe present work,! a study has been
made of the creation of electron-hole pairs in CdS by
the simultaneous absorption cf two photons produced by
a focused ruby laser whose photon energy (fw=1.78¢V)
is considerably less than the CdS band gap (E,=2.5eV).
The absorption was detected by observing the sub-
seyuent recombination emission produced in the region
between 4900 and 5500 A. The experimental results are
compared with a theory which takes the band structure
into account.

The advent of intense monochromatic sources of
racliation by means of optical masers has made it experi-
mentally feasible to observe a number of intensity-
dependent optical interactions in rnatter which involve
two or more photons. Harmonic gencration?-? and
optical mixing »? in which two photons of the same or

t Supported as part of Project DEFENDER under the joint
sponsorship of the Advanzed Research Projects Agency, the (ffice
of Naval Research, U. S. Navy, the U. S. Department of Defense
and RCA Laboratories, Princeton, New Jersey.

t A preluninary report of this work was presented at a meeting
of the American Phvsiral Society, 1963 [Bull. Am. Phys. Soc.
8, 30 (1963)].

*P. A Franken, A. E. Hill, C. W. Peters, and G. Weinreich,
Phys. Rev. Letters 7, 118 (1961).

3M. Bass, P. A. Franken, A. E. Hill, C. W. Peters, and G.
Weinreich, Phys. Rev. Letters §, 18 (1962).

¢ J. A, Giordmaine, Phys. Rev. Letters 8, 19 (1962).

$P. D. Maker, R. W. Terhune, M. Nisenoff, and C. M. Savage,
Phys. Rev. Letters 8, 21 (1962).

*R. W. Terhune, P. D. Maker, and C. M. Savage, Phys. Rev.
Letters 8, 404 (1932).

1 A. Savage and R. C. Miller, Appl. Opt. 1, 661 (1962).
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nearly the same frequency combine in a solid to produce
a third photon, have been extensively studied. The ob-
servation of the above interactions in appropriate solids
depends intimately upon the coherence of the incident
light; in contrast double-pheton absorption can in
prindple be observed with a conventional intense in-
volicicnd-light souive. Sine deuble-photon caciiation
depends upon the square of the incident intensity, this
intrinsic absorption provess is to be considered whenever
a solid is irradiated with an intense light source of
photon energics greater than half the band gao.

CdS was selected for the present study of double-
photon absorption primarily because the single-photon
absorption process has been extensively studied in this
substanve and it is consequently possible to compare
double- and single-photon absorption on the same crys-
tal. In addition, one can utilize the band-structure
parameters determined from single-photon absorption
meastrements to estimate the double phaton absorption
coeflicients. We believe that this is the first observation
of a simultaneous two-photon transition hLeiwien
valence and conduction bands in a semivenductor.
Previously, two-photon absorption has been observed
tetween broad bands in {TCaFy: Eu®j® and in several
polyeviic, aromativ, molecular crystals®® as well as
between discrete atomic Ievels in Cs varsr.!! Recently,
intensity-induced optical absorption has also been ob
served in a number of liquids.”?

1. CALCULATIOR OF TWO-PHOTON ABSORPTION

The gencral theory for two-photon absortion was
first given by Goppert-Mayer.” The absorption coefli-
cient for two-photon excvitation of 4n electron from the
valenee to the vonduction baad in terms of the band
structure paramcters in a semiconductor has been

;ow. Kaiser and C. G. B. Garrett, Phys. Rev. Letters 7, 219
(1961).

81 Peticalas, ]J. P. Goldsborough, and K. E. Rieckhoff, Phys.
Rev. iLetzers 10, 43 (1963),

u S, Singh and B. P. Stoicheff, J. Chem. Phys. 38, 2032 (1963).

v 1 D Abelia, Phys. Pcv. Letters 9, 453 {1962).

3] A. Giordmaine and J. A. Howe, Phys. Rev. Letters 11,
207 {1963).

B M. Gdppert-Mayer, Anp. Phys. (Paris) 9, 273 (1931).
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calculate double-photon
absorption.

derived by Braunstein and extended by Loudon' o
take into account Lhe effect of excitons on the absorption
coefficient close to the band edge. Two-photon excita-
tion of impurity levels in a crystai has been considered
by Kleinman.'™ The theory for photaelectric emission
froni a metal surface by two-photon absorption has been
vonsidered by Smith.'? For continuity of discussion and
comparison of the present experiments with theory, the
band-to-band calculations for allowed transitions' will
be rederived and the calculations extended to the case
of forbidden transitions.

For simplicity, consider a solid whose band structure
consists of a valence and two conduction bands with
extrema at k=0; a schematic diagram of this model is
shown in Fig. 1. If two monochromatic beams of energies
Aoy and #1094 both less than the band gap but whose sum
is greater than the gap are incident upon such a 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 simultaneously ab-
sorbing two photons is given by

2f| Hlllull
Prl.rk = "'i"_’_____—-"_"_'—-"_—-"_
hI[AE+EatEn—ha]
HlnHlt 2

+
TAE+EaitEoe— By )

X{EgtEatEpn—boy—hay), (1)
where H,. and H,. are the optical matrix elements
which couple the valence band and conduction band,
respectively, to an intermediate state . E, is the separa-
tion of the valence and lower conduction bands at k=0,
AE is the separation between the valénce- and inter-
mediate-band extrema and E., Eu, and E,, are the

1 R. Braunstein, Phys. Rev. 125, 475 (1962).

1 R. Loudon, Proc. Phys. Soc. ndon) 80, 952 (1962).
1D, A. Klefnem==, P, Rev. 125, 87 (1963).

1R L. Smith, Phys. Rev. 128, 2235 (1962).
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energies in the conduction band, intermediate band, and
valence band, respectively, as measured from their
extrema. 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
the optical matrix ¢lements do not vanish for arbitrarily
small photon wave vectors, one could use a two-band
mode! for the calculation. In the present 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 the
dominant contribution to the transition probability
results from intermediate states which are closest to
the final conduction band.

The absorption coefficient X, for photan #w; when Aw,;
and A are simultaneously present, may be simply
related to the number of Aw; photons absorbed per unit
time per unit volume and is given by

1 AN, 2n
= +_"_ Z P-i.rh

P e s e
A

[ “"l al

(2)

where # is the index of refraction, ¢ the velocity of light
and N, the density of photons #w;. The factor of two is
included in the absorption coefficient to account for the
two-clectron spin orientations. We shall assume that
there is very little spatial variation of the beam within
the medium, i.e., all absorption processes are small.

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

. lé"nM/ @k r yv-'l’-a’
1% T
ZePL[AE+ Eart Fos — hon]
t]
+ i F ]
{Ab'*'b-t'*'l':zi—&"l]

}’..!I,ﬂll
X E A+ EatEn— Ao— Ay,

(.m'wlu,

(1)

where the conventional optical matrix elements'* have
been used. P,. and P, are the appropriate momentum
matrix elements with superscripts ! and 2 indicating
their components in the directions of polarization of
photons #w; aud Ay, respectively.

To obtain explicit expressions of X for a given solid,
it is necessary to have some knowledge of the momentum
matrix elements as well as the k dependence of E,y, E.,,
and E,,. If the transitions are allowed, i.e., the coupling
is between bands of opposite parity, | Pea|? and | Pa,?
can be taken as constants near the band edges as a first
approximation and are given in terms of the f value
for the transition by:

[P}V mbayy fop /2. (4)

18 W. Heitler, The Quontum Theory of Rodiation (Oxford Uni-
versity Press, New York, 1954), 2nd ed.
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If the transiiions are forbidden, i.e., between bands of
the same parity, one may assume that thie morsentam
matrix elements are proporiiona! to k; of the iniiial state:

I Pl!! (miim T),ﬁ,(eq' ku), v (51

where mr is an effective mas< for the transitior and e,
represents a unit vector for the photon polarization.'?
We shall assume that the energy bands are spherical
and parabolic and conzequently are given by

..t—-a.fl’k, ,2111 F..g-—a.fl’k’ 2”? ,;—atﬁ’k' Zm {6)

where the &’s are the inverse effective-mass ratios.
There are three tvpes of double-photon transitions
to be considered depending upon the symmetries of the
valence, conduction, and virtual-conduction bands.
These may be defined as “allowed-allowed,” “forbidden-
allowed,” and “forbidden-forbidden” transitions; the
designations following from the apprepriate matrix
elements involved in the transitions. Substituting ex-
expressicns, (4), (3), and (6) into Eq. (3) and perform-
ing ihe niegiations, We voiain caphicit cxprossions for

the three possible types of transitions:

“allowed-allowed™;
2, 'r"e‘\?ﬁ’-nwnrfrlfnt A”: A”g
A
e (o o, P g L R ¢ J
“allowed-forbidden”
nn ne“!"’lnftu m AR All!
K= — - ] (8)
de(mrPlacta ¥ hwwl B C

"“forbidden-furbidden”;

2 Ryt 1Y,
K] =

A q8a
: — m} )
96(mr)‘(a(-i'a.)”’fl'w;mg- B (

where

A=hoy+hw—-F,,

un+ar ?
= [Af'f-i-(-———)(flwrrﬁw,— }':9)'— fl'-uh:l 5
o.+a,
ke

aata, i -l
C= [M:Jr( )(hw.+hwg— Eay—hor |

ac+a,

(1

For the allowed-forbidden transition, it was assumcd
that the transition from the valence band to the inter-
medizte state was allowed and that from the inter-
mediate state to the conduction band was forbidden. In
cases where the reverse is true, there will be a similar
expression as Eq. (8} with w,. replaced by w.. and f,,

¥ I. Bardeen, F. ]. Blatt, and L. H. Hall, in Proceedings of ths
Conference om Photoconductivity, Atlansic City, November 46, 1954,
eagited by G. H. Breckenridge, B. R. Russell, and E. E. Hzhn
(John Wiley & Sons, Inc., New York, 1956), p. 146.
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replaced by fac T driving at the above expressions,
we have replaced the square of the sum of the matrix
elements in Fq. (37 by the sum of squares which is
equivalent 1o assuming that one 15 dealing with in.
coherent phetons, sinve we are iitially conaidering that
the iwo photons Awr and Ay are produced by ditierent
sources. However, in the present exjeriments where
the photons are of the <ame frequency and aee derived
from the same coherent source, the cross products of
the matrix clements will make a2 small contribution to
the transition probabilitics. The double-photon absorp-
tion process cmiploving a broad-band inreherent source
of radiation van abo be cadeulated from the above ex
pressions by mtegrating over the spectrisl distribution
below the band gap.

It 15 seen from Egs. (77, (R), (%, and {107 that the
absorption coefhicient for photons freey is a function of the
density V; of photons flwy simultancously present in the
solid. The mtensity-dependent absorpion «dges e
vrease as semie power of the photon energy depwending
upon the symmetries of the bands with o threshold at
fyt fws = Fy. Asa consequence of these characteristics,
there are & number of different types of expernnents
which may be p(‘rfunm «d inorder to detect the resubtant
clectron-hole pairs creatad by two photon
These include the direct measurement of the intensity -
dependent absorption, or the ohservation of photucon
ductivity, or fluorescence produced by drradiating a
solid with photons of the saiie or different energies, huth
of which are lss than the energy gap but whoae ~um is
greater than the energy gap. To l.\]uliun utad culic
venicnee, the double-photon absorption at fw 178 ¢V
was detected by observing the subnequent recombina-
tion emission in the region between 39000 and 33000 A
praduced by the created pairs.

ﬁ;:;ﬂ:p:in:;

111, EXPERIMENTAL

The luorescence spes trum was nasured for a nuiaber
of CdS vryatais fxcited by a focused ruby laser whose
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Fis. 3. Correlation be-
tween the emission of CdS
at 123°K and the exciting
ruby laser. In eack hgure
the upper trace is the laser

al and the lower trace is
thc ﬂuomccnct uanal (a)
emission at 4990
zontal sweep 100 usfc/cm
(b) same as (a) except for a
larger time constant in de-
tecting circuits; (c) samc ~s
fur {a) but with horizontal
aweep of 5 psec/cm; (d)
emisnuti ai SI00 A same
time constant as (a) but
with horizontal sween of
5 usec/cm. Note the perfect
time cortelation in (c) for
exciton recombination and
the slightly delayed clec-
tron-impurity emission in
{d).

)

photun energy Aw=1.78 eV is less than the energy gap
E£,=2.5 ¢V, as well as by the conventional use of the
3060 A Hy line, whose photon energy is greater than the
energv gap. The spectral distribution as well as the
intensity of the emission was determined as a function
of incident intensity for both types of excitation. The
spectra shown in this paper were for a typical undoped
crystal of dimensons 10 mmX8 mmX1.78 mm grown
at the RCA Laboratories; similar results were obtained
using undoped <rvstals supplied from other sources.

A schematic diagram of the experimental arrange-
ment for observing the emission from crystals using the
foensed ruby laser is shown in Fig. 2. The ruby rod was
3in.longand }in. in diam with parallel ends coated with
multilayer dielectric films giving 1009 reflectivity on
one face and 509, reflectivity on the other for the 6943 A
line. The ruby was mounted ina conventional laser head
and was optically pumped by a helical GE FT-524
flash lamp. Operated at room temperature, this laser
produced approximately 0.1 joules of output power
which is cquivalent to 4X 10" photons per flash. When
focused onto an area of 10~* am? of the sample, the
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photon density was 3X 108 /cm?; larger energy densities
produced by sharper focusing resulted in sample
damage. The crystals were mounted in a Dewar which
vontained liquid nitrogen for the low temperature runs.
The sample temperalure 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 CaFy prism and utiliz-
ing an RCA 1P28 photornultiplier as a detector. The
laser beam was monitored by reflecting part of the beam
into an RCA 7102 photomultiplier. Filters F; and F,
eliminated most of the zennn flash lamp radiation while
Fy attenuated the laser emission; their position in the
optical chain is shown in Fig. 2.

In the studies of the emission excited by Hg excita-
tion, a Bausch and Lomb monochromator using a 600
lines/mm grating was used. The HBO-500 mercury
source was focused by a large aperture leus or mirror
onto the crystals immersed in liquid ritrogen. The
radiation, which was emitted from the so.me face of the
urystal which received the excitation radiation was
focused onto the monochromator siit after passing
through appropriate filters. A Corning 7-54 filter and
10 cm of CuSOq solution isolated the 3660 A Hg linc.
The emitted radiation was detected by an RCA 7265
photomultiplier whose output was fed to a recorder via
a Vibron electrometer.

IV. RESULTS

The experimental results involve a comparisen of the
fluorescence spectra of CdS as exvited by the 3660 A Hg
line with that excited by the 6943 A ruby laser line. The
emission spectrum was studied in the 4900- to 5500-A
region for both means of excitation since it is in this
spectral region that previous single-quanta excited-
fluorescence spectra have been extensively studied. The
“green emission” bands in the region between 5100
5400 A at 77°K have been previously identified as due
to recombination of a free electron with a trapped
hole,®# while the so-called “‘blue emission™ bands
appearing at shorter wavelengths are presumably due
to the recombination of frec electron-hole pairs via an
exciton state.¥® The emission was studied as a func-
tion of wavelength, time, pelarization, and excitatien
intensity for the ruby excitation; and as a function of
wavelength and excitation intensity for the Hg source.

A. Doublo-Photon Excited Emission

The correlation between the emission of CdSat 123°K
and that of the exciting ruby laser is shown in Fig. 3,
The detected output of the laser and the CdS emission
were both displayed on separate channels of a Tektronix

®G. Diemer, G. J. van Gurp, and H. | (. Meyrz, Phisica
23, 987 (1957).
8 G mer and A. J. Van der Houven van Ootd, Physica
707 (1958
"R J. C 135 (19%9).

1. Pl{tg 1
2D G Thomum d, Phys. Rev. 116, 573 (1959).



OPTICAL DOUGUBLE-PHOTON ABSORPTION

302 dual-beam oscilloscope. Figure 3(a) shows the
partially resolved laser and emission spikes where it &
seen that on the average the relative intensities are
correlated with each other. This observation is further
illustrated in Fig. 3(b) where a larger time constant in
the detector circuits averaged the spikes. A time-
expanded display of the laser and emission spikes is
shown in Figs. 3(c) and 3(d). It should be noted that at
1990 A, the region of exciton recombination, there is a
perfect time correlation between exciton and emission
spikes. In the region of electron-trapped hole recombina-
tion at 5100-5400 A, there appears (o be & time delay
of several microseconds between the emission and the
excitation spikes. The usefulness of using laser spikes for
studving 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-
sion spikes in the time expanded traces in Figs. 3(c) and
3(d), the correlation of the envelope of the laser and
emission spikes previously indicated in Figs. 3(a) and
2(h) juetifies th. uce of the envelope maxima as a meas-
ure of relative signal intensities. The lack of intensity
correlation in the time expanded scale may be due to
the detailed kinetics of the respective recombination
processes.

The unpolarized and polarized emission spectra of a
CdS crystal at 300°K excited by the laser is shown in
Fig. 4. Previously, the CdS emission had only been
observed at room temperature in a limited number of
cases for exuitation by photons greater than the energy
gap.® The intensity of the emission varied from sample
to sample for a given incident laser intensity; these
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Fi6. 4 Emission from CdS at 300°K excit«d by a focused ruby
laser. The laser output was Q.17 ] focused into a 107t cm® area
of the crystal.

“B.A Kgl&, R. M. Detweiler, and W. A_ Anders, Phys. Rev.
131, 2036 (1963).
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Fic. 5. Emission from CdS at 123°K excited Ly a ruby laser with
015 J focused into & 107 cm?® area of the sample.

“differences in quantum efficiencies are not surprising in

the light of previous work on CdS. It is seen in Fig. 4
that the emitted radiation is polarized, the intensity
perpendicular to the ¢ axis is about ihree times that
parallel to the axis. The recombination radiation was
observed to follow the power law fo [0 3 where 7 i
the emission intensity and /o is the laser intensity. In
obtaining these measurements, Jo was varied by insert.
ing neutral-demnsity filters between the laser and the
focusing lens. Each data point in Fig. 4 is the average
of between two and five successive observations; the
error lines indicate maximum deviations from th'.
average. Since the laser intensity varied slightly from
flash to flash, the observed emission intensities win
normalized to the same laser intensity for all the
recorded spectra. In the normalization provedure for
this spectrum and all subsequent spectra reported in
this work, the appropriate empirically determined
power law relating the intensity of the emissien to
excitation was employed.

The above measurements were also performed at low
temperatures where it was possible to observe fluo
resceice by ruby-laser excitation as well as by single-
quanta Hg excitation for comparison. The obwrved
unpolarized emission speetra at a temperatuse of 123°K
is shown in Fig. 5. The rather large errors indicated in
this spectrum maske it difficalt to ascribe <ome of the
wiggles as due 10 real structure. However, successive
runs enabled one to identify the major iines in this
speclrum with the structure ohserved by using greater
than band gap light; the line positions agree with those
reported in the literature®® The emission shown i
Fig. 5 was found to be polarized with the component
perpendicular o ¢ axis being six times greater than the
component parallel to the ¢ axis.

Two groups of lines in the above spectrum exhibit
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Fic. 6. Fluorescence spectra from CdS at 77°K as a function of
incident intensity excited by the 3660°-A line of Hg.

different power laws relating the fluorescence to extita-
tion intensity. Namcly, the intensity of il ¢ Lnes be-
tween 4900 and 5030 A varied as f « [4*#9? while tor the
lines between 5030 and 5400-A the relationship is
Ta Jg49 1 The emission obeyed these power laws over
a range of 7, of 10%. The significance of the difference
will be discussed after similar relationships for the
single-quanta excitation are presented.

B. Single-Photon Excitation

The unpolarized emission spectra at 77°K excited by
the 3660-A Hg line is shown in Fig. 6 for three different
excitation intensities. There is a marked similarity be-
tween this single-photon excited spectra and the double-
photon ruby laser excited spectra shown in Fig. 5. In
general, the wavelengths observed for both means of
excitation agree within experimental error. The major
differences hetween the two spectra are with respect to
the relative intensities of the various groups of lines.
The failure of the intense 4875-A band to appear in the
laser-excited spectra is probably due to self-absorption
in the sample since the emission was observed from the
side opposite the incident laser beam. Double-photon
absorption takes place essentially throughout the bulk
of the solid and since the single-quanta absorption co-
efficient of CdS at 4875 A is verv large, the cxcited
radiation at this wavelength will be self-absorbed. In
contrast, for the case of the Hg excitation, the emission
is vollected from the same face as the incident exditation
and so is generated close to the surface and can exit
from the sample. The relative weakness of the 4940-,
4960-, and 4990-A lines in the single-photon compared
to the double-phaton excited spectra is most likely due
to the much smaller exciting intensity of the Hg source,
relative to the effective double-photon pumping. A more
detailed discussion of this point will be given fater.

The different intensity law followed by the exciton
recombination and the eledctron-trappe:d hole recombi-
nation is dramaticallv shown in Fig. 6 where it is
seen that at low intensities the line at 4875 A is weaker
than the “‘green group” of lincs at 5000-5400 A while
at high intensities it becomes larger than the latter
group. The exciton lines at 4900-5000 A follow the law
I < 71238 while the “green’ lines follow the relationship
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T« 7108+ % This is to be contrasted with the power
laws [« I *and 7« I'2* ! for the corresponding lines
in the double-photon excited spectra. The varicus power
laws are shown in Fig. 7. The difierent intensity de-
pendence for the exciton and electron-hole recombina-
tion is consistent with the previous observation by
Dieme:® which was used by him to identify the re-
spective recombination processes.

The quantum cfficiency was meazured at 77°K for the
crystal used to obtain the spectra in Figs. 4 and 5 and
was found to be approximately N.1%, for the 4990-A
line. The quantum efficiency is here defined as the ratio
of the rate of emission to excitation since the intensity
law for the 4990-A line is approximately linear. The
fluorescence yieid for the front surface lg excitation
was found to be markedly dependent upon the surface
treatment, while the double-photon yield was inde-
pendent of this surface treatment. The above value of
quantum efhciency was obtained for a well etched or
cleaved surface.

We may summarize the experimental results shown
in Fige. 4, 5, 6, and 7 by the observation that in general
the spectra produced by both types of cxcitation are
essentially similar except for differences in the emission
intensity as a function of excitation intensity. The fact
that the intensity of the emission spectra for the ruby-
laser excitation increases within experimental error as
the square of the corresponding Hg excitntion over
several decades for equivalent groups of lines strongiy
suggests that the former are due to double-photon ab-
sorption while the latter correspond to single-phots:,
absorption.

C. Auxiliary Measurements

There are two alternate exsitation mecharicns xnich
could produce the observed fluorescence other than th=

5

- —————

CMSS 00 e ENGTY (D)

- 4--.J
0

L.a_saal.
i L]
EXCIIATION WNTENSTY (1al

Fi6. 7 Relative inlensity of emissinn from CdS as a function
of excitation intensity for hoth the Hg 3660 X linc 3ad the ruhr
lazzr In heth figures the solid Lines refer to laser eccitation with
crvstal at 123°K while the dashed hines refer to Hg excitation at
77°K. (a) Emission of excdion recombination line at 4990 % ;
(b} emission of electron impurity recombination st 5120 . Note
that the emissivn follows 2 power law of the form /5 [4* where
for lascr excitation is twice that for Hg excitation for cach hne.



creation of free electron-hole pairs by the simultaneous
absorption of two laser photons via a virtual inter-

a generated second harmonic 240~ 2X1.78¢V> E, = 2.8
eV and the consequent creation of an electron-hole pair
by a final single-photon process. The second is two-
photon ahsorption via an impurity state within the for-
bidden gap. In order to rule ou? thesc processes in the
present experiments, the foliowing aux:iiary measure-
ments were made.

As a consequence of the symmetry of the space group
of CdS, (6 mm) one can eastly show that if the laser
beam is incident along the ¢ axis no second harmonic
should be generated. Consequently, if the observed
emis<ion depends on the absorption of second harmonic
photons, there should be ne emission fer the above
geometry. To check this point a CdS sample was cut
from the samie boule as was a previvusiy studied (rystal
such that its ¢ axis was perpendicular to its faces
enabling the incident laser beam to be parallel to the

dgr .
At 300K rystal ex

2o - :
N, wn3 U

ited the came in.

- AN
tensity of recombination emission as the cryvstal whose
¢ axi~ was perpendicular to the laser beanm for the same
vxcitztion intensities. Hence one can disqualify the
absorption of <ccond harmonics of ruby as the flus-
rescence-excitation mechanism. It should be noted that
the absence of second-harmonic generation applies
strictly speaking only if the incident beam is parallel to
the ¢ axis. However the harmonic intensity for the can-
vergent exritation emploved would be too weak o be
of any importance.

[t has previously been shown that emission in CdS at
2.5 eV as well as at lower energies can be cxcited by
photons having energics not cxceeding 1.75 eV, 5.2
These results were explained by considening a two-step
optical-excitation process involving excited states of Cu
impurity levels within the forbidden gap. In this process,
a photon produces excitation to an excited level that has
a reasonably long lifetime and then a sccond photon
completes the excitation and is to be distinguished from
double-photon absorption discussed above which in-
volves the simultancous absorption of two photons and
1s an intrinsic property of the solid. We found in agree-
ment witn the previous work? that tungsten excitation
of our Cd$ crystals by photons having encrgies between
1.1 and 1.8 ¢V led to the same fluorescence as was oh-
served with Hg excitation. However, we did not observe
this emission for tungsten cx. itation for photon energivs
of 1.78 eV {the same as the laser) with a half -width of
~0.02 eV. These resulte are contrary to the vxditation
curves obtained in the previous work? which substanti-
atec the proposed two photon excitation process via

# R. E Halsted, k. F. Apple, J. S Prener, Phys. Rev. Letters
2, 420 {1959;.

B R. E Halsted, E. ¥. Apple, J. S. Prener, and W. W, Piper, in
Proceedings of the Intermaliznal Confereice om Semicomduclor
Physics, Prague, 1900 (Czechusiovakian Academy of Science,
Prague, 1961).
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copper impurity leveis. The intensities of emission for
duferent crystals at 123°K obey the relationship [« [o®
with nt constant for a given ine over 4 number of decades
for the laser excitation. [t seems likely that 2 mechanism
involving the replenishment of electrons from the initial
vopper level by the absorption of a second photon pro-
moting clectrons from the valence band to this copper
fevel would lead to saturation effects over the range of
exuIlation intensities of our experimenis. The diifcicin
between our results for tungsten excitation and the pre
vious work may lic in differences between our crvstals
and those employed in the above work.

V. DISCUSSION

We believe that the pecee b diation otecs
from CdS when excited by a ruby laser is a consegquene
of electron-hole pair <reation by the simubtancous ab
sorption of two red photons via a virtual intermodiate
state. The strongest experimental evidence for this con
dusion fallows from the detatled comparison of the
fluorestence spectra as exdited by the 3660-A line of
Hp, whose energy b= greater than the band gap, with
that produced by the 6943-A Lt line which isless than
the band gap. The spectral distribution of the emission
for both types of exaatation are essentially similar,
exeept for differences in the intensity dependence of the
cmission as a function of excitation mtensity. The ob-
served approximate quadratic dependency of the enis
sion for laser excitation as compared with excitation by
photon encrgies greater than the gap is to be expected
if deuble-photon abrorption were operative.

We shall now cotapare the obwerved tluor wen. e
vields with the theory for double-phioton absorption as
further evidence that this exadtation process can .o count
for the observed pecirne The energy bandT for CdS
at k- 0 are shown in Fig. 8 and the corresponding
~election rules for double photon absorption for electri
dipale transitions at & 0 are shown in Table 1 where
the single photon seledction riles were used in the indi-
vidual transitions.” In the present experiment, the final
state an the vondution band is at 2X1.78 ¢V, weli
above k-0, and consequently it Q. aot po-sihle 1o

" {-'-ic!»h L. Birman, Phys. Rev 114, 1490 (19%9).
218 McUlute, Solid State Physics. edited hy . Seite s:d
D. Turabull (Academic Press Inc, New York, 1959, Vol. 9, p. 432
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TasLE L. Selection rules for double-quantum absorption
in CdS for electric dipole transitions at k=0

Valence Virtual Conduction

Band Band Band Designation
T's Hi T i | Allowed-aliowed
I'e 1 1 .4 [¥] Allowed-allowed
T 1 I f 1) Allowed-forbidden
| 8 ! T J Iy Forbidden-forbidden
Iy i L r i L T, Allowed-allowed
5 L Ty L Iy Allowed-allowed
T I Ts  f r, Farhidden-forhidden

ascribe a definite parity to the appropriate point in the
Brillovin zone. Since we are primarily interested in an
order of magnitude estimate of the absorption coeffi-
cient, we shall make the somewhat oversimplified, but
reasonabie assumption, that the CdS band structure
ran be represented by a spherical and parabolic three-
band model as is <hown in Fig. 1.

The expressions for “‘allowed-aliowed”” and “allowed-
{orbidden” trangitione in Fas. (7Y and (8} will only be
considered, since Eq. (9) for the “forbidden-forbidden”
transitions vields much smaller values than are actually
observed. In the above expressions, wy = wy = $ X 10" sec,
E,=25 eV, mr—m, fou= fae=1, 126 and N:=
X10%/cn® for the present experiment. Ky is rather
insensitive 10 valucs of AE varying from 2.4 to 5.5 eV,
The inverse effective-mass ratios for CdS were taken as
a.==3, a,=0.2 and aa=1. The first two valucs were
cbtained from optical-absorption experiments® while
the latter was assumed 1o be unity since the upper con-
duction band is expected to be a heavy mass band. Using
the above valucs, Egs. (7) and (8) give K;=2X10 ¢
cm™! for the “‘allowed-allowed™ transition and 4X10°¢
em~! for the “allowed-forbidden” case, respectively. If
we use the experimentally determined quantum ofhi-
ciency of 0.1% obtained from the singic-photon Hg
excitation of the 4990-A line at 77°K, the calculated
double-photon absorption coefficients predict corre-
sponding fluorescence yields per laser flash of 8X10°
photons and 2X10* photons for the respective transi-
tions. The measured emission of the 4990-A line at
123°K for laser excitation was 2X 10" photons at 123°K.
This value has been corrected for an estimated Joss
factor of ~10° due to internal reflection losses in the
sample and losses in coupling the output from the
crystal into the spectrometer. It is secn that the ob-
served value 1< in closer agreement with the caleulated
“allowed-allowed” rather than with the “allowed-for-
bidden” transitions. It was not possible to compare the
room-temperature double-photon absorp:tion signai with
experiments since the inability to observe the single-
photor emission at this temperature prevented the
determination of the quantum efficiency.

The observation shown in Fig. 5 that the exditon
emission lines are more intense relative to the electron-
impurity recombination lines for double-photon laser
excitation in contrast to the case for single-photon Hg
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excitation shown in Fig. 6 ran be understood from a
wunsideration of the number of electron-hnle pairs
created by both sources. As we have seen, the excitun
and impurily emission are proportional to /¢'*?! and
I£ %85 respectively . for single-photon excitation and
to 1@ and [ for double photon abserption;
therefore for a sufficiently high excitation intensity
the exciton emission should exceed the impurity emis
=ten. Although the douhle photon absorption coefficient
for the ruby is ~2X 104 cm" !, while for the Hg line the
single-photon coefficient is ~10* cmy !, the laser flux
was 6 10% photons ‘cm? sec while for the 3660-A line
of Hg it was 10" photons “cm? sec; vonsequently approxi:
mately 10* more clectron hole pairs were created by the
laser than the Hy source whith is suffivient to explain
the different relative intensities. Although the power
laws for Hg and laser cxditation were obtained for
different effevtive excitation intensities, the fact that
the emission due 1o laser exvitation is vonsistent with
double-photon absorption for two different recombina-
tion processes indicates that the power law< shown in
Fig. 7 would also hold for equal effedtive inensiiies of
both sources.

One may regard the caloulated double photon ab-orp-
tion voeflidents to Lic in reasonable agreement with
experiment in view of the appresimations made m it
application to CdS and the experimental errors involved
in determining the absolute fluorescanee vickl, The use
of a three-band model with spherical and parabolic
energy surfaces and the neglect of «oherence elledts and
the effect of other conduction amd valens v baiisds could
lead to appreciable errars in the estinates of the double
photon absorption vocificienis In uddition, the theory
should only br a good approximation in the vicinity of
k=0, whereas the final state for the doubic photen vis
servation of 1.78-cV photons wisat much groator values
of k. The experimental yields may be in coror by as
much as a factor of 50 brcause of tncertainties in geo
metric factors which were used to calulate the yiclds.

The present experiment and theortival estimates o
doubie-photon absorption were merely intended as an
order of magmiude check of this type of intrinsic
absorption process. These results cuggest the feasibiiiny
of performing two-beam absorpiion txperiments em-
ployiug a fixcd-frequend v () high-intensiiy laser and
a low-intensity variable frequency (fiwy)  incoherent
source where fley <K, 2, hw; <E, and fwthay > F,
The low-intensity source can be utilized since as we have
shown previously, its absorption cortis lent Ay 1» propar
tional to the intensity of the intense source. This ab
sutption coeffivicat can be measured directiy or effec
tively by the subsequent fluorescene or photocondue -
tivity. The frequency and polarization dcpendence of
the absorption edge can yicld information about the
states involved in the virtual transitions by reference
to Eas. (7), (8), and (9 and the selection rules shown
in Table 1.

Double-photon absorption .an be of use in a number
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of optical studics. In cases where single-photon transi-
tions between levels are forbidden for electric-dipole
radiation, transitions can still be made by a double-
photon process. In order to study transitions o states
that have large absorption coefh:ients by single-photon
absorption, one normally requires thin samples, or one
performs reflectivity experiments which can be sensitive
to surface treatment. The fact that phatons of eaergy
less than the band gap can produce transilions to states
of twice the energy of the incident photon can be used
to study upper states by the use of thick samples since
the double-photons transitions take place throughout
the bulk of the material.

Ccds

(Note added im prooj. The observation of a two-
quantum absorption spectrum employing a high-inten-
sity laser and a low-intensily variable-frequency in-

suggestes] in this paper has been performed by J. |
Hopfield, J. M. Warlock, and Kwangjai Park, Phys.
Rev. Letters 11, 414 (1963) in K1.]
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Now that GaAs injection laser diodes are readily
available it becomes desirable to vary their fre-
gquency in a controlled manner. Such control will
be necessary if diodes are to be used in technical
applications requiring frequency tuning, stabiliza-
tion, or modulation. The energy levels and conse-
quently the emission frequency of a solid can be
changed by uniaxial stress. Use of uniaxial stress
has the advantage over other methods of changing
the frequency (hydrostatic pressure,! magnetic
tield?) in that auxiliary equipment can be made
simpici and smaller.
uniaxial stress to semiconductors generally splits
energy levels which are degencrate in the absence
of stress or under hydrostatic pressure, and so can
be used as a means of identifying recombination
processes.

Figure 1 shows the effect of uniaxial compression
on the coherent emission of a typical lasing diode.
The stress 1s applied perpendicularly to the junc-
tion, which is a (100) plane. The emission lines
are not single resonant modes of the diode, but
rather envelopes of a number of such modes. Un-
fortunately, samples small enough s that individual
modes could be resolved wzie tou fragile for stress
measurements. Shifts of the location of the envelopes
as well as '"'moding”’ from one ser of envelopes to
another have been observed with uniaxial stress.
These changes do not necessatily vary monotonicaily
with stress, as can be seen in Fig. 1. The mazimum
shift of the laser line in this diode was 26 A or
0.25% in frequeacy. In some diodes the envelope
curves narrowed with increasing stress, suggesting
that fewer modes lased under this cendition; in other

Iz addition, the arplicanion of

— P
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words, the coherent emission 1s atfected both by
changes in rhc ematting transitions and by changes
in the resonant cavity, which will be <unewhat
diffc:2nt for every diode.

To eliminate the effects of cavity changes we
studied the incoherent lightr, which should depend
only on the electronic transition. The shape of
this emission line was independent of the applied
stress, sc¢ that the only varying quantity was the
emission ftrequency. The change of energy (or
frequency) i1s plotted in Fig. 2 as a function of
uniaxial compressive srress for three diades.
It is clear that the three diodes, all made by solu-
tion growth but with different amounts of doping.
show very different behavior; the frequency of A
increases linearly with stress wheteas B and ¢ show
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Fig. 2. Shifr of
emission line from three #ypica! GaAx

the incohersat

diodes with uyniixial comprassion siress
ar 77K

thras or more measurements.

Eoch date point reptssants

saturation and even negative changes. Other diodes
made in the same way as A, B, or C do reproduce
the respective curves. [t should be noted that the
frequency shift of diode B is the same for coherent
(Fig. 1) and incoherent emission (Fig. 2).

If the emission is due to band-to-band recombina-
tion r recombination via an exciton, then one can
calculate that the emission line is both shifted
in its average value and split into two components
due to strain. For simplicity we shall assume that
the band structure of GaAs at k = 0 is the same
as that of Ge and use the theory developed for Ge?
that predicts a linear shift of the average emission
line with stress. The coefficient can be calculated
from the measured effects of hydrostatic pressure
on optical absorption® and emission' of GaAs, or
from the effect of shear seress on the absorption.’
For compression along the [100] direction the three
sets of data predict a value of (4.0 t 0.9) x
10~ 12eV/(dvn/cm?). The cxpected splittingof the
line is ~0.6 x 10~ '2eV/(dyn/cm?), too small to
obsesve with the precision available.

Diode A (Fig. 2) shows the predicted linear varia-
tion of frequency with stress. The coefficient is
(5.5 1 1.0) x 10" '%eV/(dyn/cm?), ia agreement
with the calculated value for band-to-band transi-
tions, and consistent with the hydrostatic pressure
results. The same behavior would be expected for
transitions to oz from impurity levels which are
tightly bound to one of the bands. In contrast the
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behavior of type B and C diodes can cerainly not
be explained by the simple model. Rather the
emission appears to take place between energy
levels that are more coomplicated. They may be
shifted relative to the band edges and split in a
complicated manner. A detailed interpretation of
the nature of these centers will require further
measurements on diodes with different dopings and

stzess orientations. ) _
Ve have shown that uniaxial compression will

shift the frequency of & GaAs laser by a subsuntial
amount. We expect other injection lasers made
from 11I-V compounds and alloys to show similar
shifts, since the deformation potentials are expected
to be the same order of magnitude. Furthermore,
uniaxiz! stress has been shown to be a very sensi-
tive tool for studying the clectronid transitions
in light-emitting diodes.

We wish to thank H. Nelson for supplying the
diodes and H. Ogawa for assisting in the experimental
measurements.
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Nathan and Bumns® have shows that the fluores-
cence peak of zinc-doped gallium arsenide moves o
lower enetgies as the zinc concentration increases.
In the present Letter we shall show that the band-
ro-band radiative recombination spectrum depends

CONTENT ANALYSIS
A. lasers, GaAs diodes

B. effect of doping on

emission and absorption
D. 300K, 77K
E
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also on the donor concentration, and that this Je-
pendence might be atwributed to a concentration-
dependent shrinkage of the energy gap.

Figute | shows the energy of the emission peak
and cthe spectral halfwidth obtzined with a number
of diodes at 78°K. Because the energy of the emis-
sion peak usually vazies with the current through
e diode,?:3 all the “.ua of Fig. 1 were takea with
roughly the same current density, abour 30 Aleml.
Diodes made with known tin o7 silicon conceattarions
were fabricated by zinc diffusion to produce a p=n
junction. Hence, at the p= junctioa, the zinc cone
centration was approximately the same as the donor
concentration (this statement assumes that there was
one free carrier per impurity regacdless of its chem-
ical nature — which is not always true?). Diodes
made with a known =zinc concentration were fabsi-
cated by alloying a tin dot to the p-type crystal.
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of the emission peak.

It is evident from Fig. 1 that the donor concentra-
tion had a profound influence on the incoherent light
emitted by the p-n junction: The emission peak
shifted to lower energies by about 4G meV for a
two-order-of-magnitude increase in donor concentra-
tion; and the line width increased by afactor of three.
It is remarkable that the zinc data (alloyed junctions)
follow the same trend as the data obtained with
donors for incoherent operation. All the diodes
obtained by diffusion showed laser action. The
photon energy at coherence was lowered by about
15 meV as the donor concentration was increascd
by one order of magnitude.

One suiking feature of the emission spectrum is
that even atthe highest currents most of the emiasion
occurs at energies lower than that of the gap in pure
GaAs (1.52 eV3+5), This raises the question about
the possible perturbation of impurities on the band
structure of this semiconductor. In the case of
germanium, it was found that a high impurity <on-
centration caused a large shrinkage of the energy
gap. B Reasoning by analogy weé may expect a
sumilar effect in: Gads,

66

Absorption spectra of heavily doped netype, ptype,
and compensated GaAs were measured at room tem-
perature. The absorption coefficients derived from
these measurements are shown in Fig., 2. The
absorption edge of heavily doped n-type material®
occurs at s higher energy than that of the purer
material (n = ! x 1016 cm"’); however, when one
takes inic account the peneuation of the Fermi
level into the conduction band, one finds chat the
conduction band edge is at a lower energy than in
the case of the purer material. The absorption edge
of heavily doped p-type material is shifted to lower
energy as the zinc concentration increases. In the
present case, at room temperature, because of the
large density of state effective mass of the valence
band, no cortection was needed for the penetzation
of the Fermi level; t. e., practically all the holes
were at the vilence band edge. The similarity in
shape of the absorption edges for pure and for p-type
material suggests that one deals here with similar
bandsto-band transitions. The present dara suggest
an appreciable shrinkage of the energy gap due to
heavy doping. In the compensated material with
s x 1037 holes/cm? (the impurity concentration is
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Fig. 2. Room-temperatyre ohsorption spactra of seven
diffarently doped GoAs. (Specimen
P=5x 10” is dopad with zinc end is portly compensated

with abaut 10‘7 tin gtoms/cm®.}

specimens of

somewhat larger) we did not see apy structure in
the absorption edge which might have suggested
a transition 1o a donor state. The shift of the absorp-
tion edge to lower energy was also seen in = single
specimen of GaAs after a copper diffusion treatment
which converted the material to p«type conductivity.
Low -tempetature measurements are underway for o
more precise determination of the band edge in
nstype material where, because of the low density
of state effective mass, the filling of the conduction
band must be carefully taken into account.

We are grateful to D. A. Kramer and j. E.
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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