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Observations of light transmitted along the plane of reverse-biased GaP p-n junctions show the depletion
layer to be birefringent and to produce mode confinement of the light. Extensive measurements were made
on diodes having a variety of doplngs (Xn =10"to 10» cm s) and several crystalline orientations (E&~~ [111]
or [110jor [100$)with several laser wavelengths (632.8 nm and 1153nm from a He-Ne laser and 896.5 nm

from a GaAs laser). The measurements were mainly of three types: (1) measurement of the intensity on the
exit face of the diode versus position, voltage, and polarization state; (2) measurement of the change of
phase with junction voltage of each state of polarization by an optical heterodyne technique; (3) measure-
ment of the phase difference between these two polarization states versus voltage and wavelength by optical
compensation methods. We interpret these results in terms of a dielectric waveguide mode in which a higher
optical dielectric constant exists in a layer whose width is fixed and approximately equal to the zero-bias
junction width. The birefringence arises from the linear electro-optic (Pockels) effect within the junction
width, which changes with bias. The optical dielectric constants on the n and p sides are assumed slightly
diBerent. Agreement with this model is generally satisfactory; a few discrepancies, including an anom alous
modulation for Eu,sq()Eq(([100), appear to be best explained by the presence of a small quadratic electro-
optic (Kerr) effect. The origin of the higher dielectric constant that gives mode confinement is not known.

I. Di'TRODUCTION

' NITIAL observations' of the electro-optic eGect in
& - p Njunctions w-ere made with visible light in GaP
junctions having their electric 6elds oriented in the
L111jdirection. Observations" on the manner of trans-
mission of the light along the plane of the junction led
to the conclusion that a dielectric waveguide was

present, that is, the index of refraction was higher in the
junction region than outside.

A simple planar dielectric waveguide model of an
anisotropic crystalline layer (representing the linear
electro-optic or Pockels effect on the GaP) contained in

an optically isotropic medium of a lower refractive index
(representing normal GaP) was worked out. It showed

that for typical parameter values only the lowest-order
mode of each polarization could be transmitted. Their
phase diGerence could be expressed by a power series in
the electric Geld E. The term in Es (and higher-order
terms) was, however, too small to explain the observed
superlinearity with applied voltage, if the value of the
electro-optic coefficient then available was used. How-

ever, if the width of the waveguide, which appeared
squared in the coeKcient of the term linear in E were

allowed to depend upon voltage, just as the junction
width did, then agreement with the voltage dependence
of the phase difference was obtained. In this manner it
was concluded that the boundaries of the dielectric
waveguide coincided with the boundaries of the p-rr

junction at all biases.
Several subsequent observations, to be presented in

this paper, do not support this last conclusion. (1) The
change of phase with voltage of each state of polariza-
tion cannot be accounted for with such a model. This

' D. F. Nelson and F. K. Reinhart, Appl. Phys. Letters 5, 148
(1964).

'A. Ashkin and M. Gershenzon, J. Appl. Phys. 34, 2116
(1963).

has been explored for diodes of several different crystal-
line orientations in order to distinguish contributions
from the electro-optic effect and waveguide width

changes. (2) The intensity distribution of the trans-
mitted light is much less sensitive to voltage than ex-

pected from the above model. (3) Phase difference

measurements on most diodes have shown discrepancies
with the model for biases & —2 V. Also, new measure-

ments of the linear electro-optic coefficient in bulk

crystals have shown it to be of a size sufficient for the E'
term in the phase difference expression to account for
the superlinear voltage dependence.

These new observations indicate that the main di-

electric discontinuities which cause mode confinement

do not move as the applied voltage is changed. The
junction boundaries, which delineate the electro-optic

region, do, of course. Thus, a waveguide model which

contains four boundaries is needed. Such a double-

walled waveguide model was recently explored for the
case of symmetric guides. 4 Observations on the intensity
distribution, to be presented in this paper, indicate that
the index of refraction generally divers on the two sides

of a p-n junction. Asyrrunetric dielectric waveguides

containing only two boundaries have been studied by
several work. ers. In Sec. II of this paper, we explore
the combination model, an anisotropic, asymmetric,
double-walled waveguide model, which we feel best

3D. F. Nelson and E. H. Turner, J. Appl. Phys. 39, 3337
(1968).

'D. F. Nelson and J. McKenna, J. Appl. Phys. 38, 4057
(1967).

5 A. L. McWhorter, Solid-State Electron. 6, 417 (1963).
' R. F. Kazarinov, O. V. Konstantinov, V. I. Perel, and A. L.

Efros, Fiz. Tverd. Tela 7, 1506 (1965) [English transl. : Soviet
Phys. —Solid State 7, 1210 (1965)].

'7 W. W. Anderson, IEEE J. Quantum Electron. QE1, 228
(1965).' W. G. Oldham and All Bahraman, IREE J.Quantum Electron,
QE3, 278 (1967).
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accounts for the experimental situation. Other idealiza-
tions contained in the original model —the use of abrupt
dielectric changes, the use of the spatial average of the
electric Geld, and the neglect of absorption —have been
shown elsewhere to be adequate approximations for the
lowest-order modes. 4 The problem of exciting the modes
of the waveguide has been treated in a separate paper. 9

It shows that for typical diode lengths ( 0.07 cm) a
substantial intensity from continuum modes, necessi-
tated by mode matching at the input surface, will exist
near the junction on the output surface. Elimination of
continuum modes from the measurement region by the
fabrication of long diodes (~1 cm) has so far not been
possible for GaP. A discussion of this problem is given in
Sec. IV.

In this paper we present experimental evidence in
support of the model just outlined. Section III gives a
brief description of the experimental technique. In
Sec. IV, we consider the question of whether we are
dealing with discrete modes of a waveguide. The possi-
bility of no discrete modes existing if the waveguide is
too asymmetric4 makes this an important considera-
tion. Next we present measurements on the intensity of
the transmitted light versus position, polarization, and
voltage. In Sec. V, we present measurements on the
voltage dependence of the phase of the individual
polarizations obtained by an optical heterodyne tech-
nique. These are compared to phase difference measure-
ments made by compensator methods. Both types of
phase measurements have been made on diodes with the
junction Iield in the L111],L110), and (100]directions.
Discussion of an anomalous modulation found in the
L100] diodes and of the possible presence of the Kerr
e8ect are also presented there. In Sec. VI, we summarize
the conclusions.

II. ASYMMETMC DOUBLE-WALLED
WAVEGUIDE

In Fig. 1, we illustrate the dielectric constant profile
of the model. The positions of the boundary planes,
x= +zv~, are independent of voltage. It is reasonable to
assume that these boundaries, which give mode con-
finement, coincide with the zero-bias junction bounda-
ries. We will show later that only the product zvjD,
where D is the fractional increase in the dielectric
constant in the region —mj, &x&m j, is readily measur-
able and hence the precise determination of m~ is not
presently possible. The planes x= +m» are the junction
boundaries which will depend on voltage. They are also
the electro-optic boundaries.

To complete the description of the model it is neces-
sary to prescribe the direction of Eg, the junction
electric Geld, with respect to the crystallographic axes.
Three orientations of Eg are considered. The reasons for
these choices have been discussed elsewhere. ' The Grst

9 J. McKenna, Bell System Tech. J. 46, 149k (1967}.
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Fre. 1. (a) End-on view of the dielectric waveguide showing the
geometry and coordinate system used. The principal axes for
Ez()[111]or Ez[][100]are x, y, a, while for Eq(([110] they are
e, o, 3. (b) Spatial variation of two dielectric constant components
for the double-walled waveguide model.

choice is to have E~ in the $111]direction, and to take
the x, y, s axes in the L111), $110), L112) directions,
respectively. A uniform crystal of point group 43m, such
as GaP, when subjected to a uniform 6eld Eq in the
L111) direction has a dielectric matrix diagonal in
the above coordinate system with diagonal matrix
elements4 "

E (o) =No(1+25),

E„&o&= ioo(1—5),

E,&o& =I'(1—8) .

(2.1)

(2.2)

(2.3)

The quantity 8 is deGned by

8= —EJr 4''/V3, (2.4)

where r4i ((0for GaP) is the only nonvanishing electro-
optic coefBcient for point group 43rrs crystals, e is the
index of refraction, and Eq =(Eg), is the spatia—l aver-
age of the junction electric Geld.

The dielectric matrix describing the asymmetric
double-walled waveguide with E~ in the L111)direction
is diagonal in the above coordinate system, and the
diagonal matrix elements K (m =x, y, s) are defined by

io S. Namba, J. Opt. Soc. Am. Sl, 76 (1961).
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the equations

&~=Ft~'o)+FtD
I
x

I
&wi (2.5)

—g (p)

=E»,

=E2,

wi&
I xi &wo

x&—m2

x&m2.

(2.6)

(2.7)

(2.8)

In these equations, the quantities E (i are dered in
Eqs. (2.1)—(2.4). The quantity F z& represents a fixed
addition to the dielectric constant arising from some as
yet unknown mechanism during the formation of the
junction. We write

Kg) =e'D (2.9)

and
vXE= —t oH

vXH=ooK E,

(2.12)

(2.13)

where 6p and pp are, respectively, the permittivity and
permeability of free space. We will always resolve the E
and 8 vectors along the principal axes and we look for
solutions of Eqs. (2.12) and (2.13) of the form

where we assume that 0(D«1. On the p and n sides of
the junction the crystal is isotropic and the optical
dielectric constant differs from its intrinsic value only by
the free carrier density contribution. This statement is
supported by recent measurements' of the refractive
index of GaP on crystals of various dopings up to
10" cm ' which indicated no dependence on doping
other than could be expected from the free carrier effect.
We write

E =n'(1 —d ), i=1, 2, (2.10)

di d g/2, ——d—o= d+rt/2. (2.11)

It should be noted that the definition of the dielectric
tensor here differs from that of the double-walled
model of Ref. 4.

For an absorptionless, nonmagnetic medium with a
dielectric matrix K, Maxwell's curl equations are

0 1
VrXU, =~ Vz=- Vp.—1 0

(2.17)

We can now resolve the Maxwell curl equations into
their transverse and longitudinal components, solve for
Ep and Hp in terms of E, and H„and solve for E, and
H, in terms of Ez and Hz".

E,= (P'I —uoKp)-'LiP(VrZ, )
+mpoa (VrFI,)], (2.18)

Hp= (P'I+i'e Kp o) 'I iP(vpFF, )
nvoo—e Kp (VpE,)], (2.19)'

E,= ( i/coooK—,)U. (vrXHr),

FI.= (i/capo) U. .(vr XEr)

(2.20)

(2.21)

In these equations, I is the 2X 2 unit matrix, k = o& (ogso)"'
= 2s./X is the free-space wave number, and X is the free-
space wavelength. Equations (2.18) and (2.19) can be
substituted into Eqs. (2.20) and (2.21) to get two
partial differential equations from which E, and H, can
be determined. The remaining components are then
obtained from (2.18) and (2.19).

When EJ II L111]we can have both TE (ErJ Eq) and
TM (EpIIEJ) modes. For the TE modes we write

FF,=A cosbx+8 sinbx,
I xI &w| (2.22)

to the direction of propagation (the s direction). Thus,

E=Ep+E,U. , H =8r+FF,U„
v =vr+U, (a/as), (2.16)

where U, is a unit vector in the s direction and the
subscript T denotes the transverse component. We can
de6ne a 2&(2, transverse dielectric matrix Ky, which for
Ez in the I 111jdirection is diagonal in the x,y coordi-
nate system with diagonal matrix elements E, and K„.
For our assumed solutions (2.14) and (2.15) (8/Bs) can
be replaced by —ip, and for any transverse vector Vp,

E=e(x) expi(aot —ps),

H=h(x) expi((vt —ps),

(2.14)

(2.15)

=Ci cosq(x+wi)+Di sinq(x+wi),
—wo&x& —wg (2.23)

corresponding to waves traveling in the +s direction
with a propagation constant P. Here &o is the angular
frequency of the light and t the time. Figure 1 illustrates
the geometry assumed.

A straightforward solution of Eqs. (2.12) and (2.13)
can be accomplished by the techniques of Ref. 4. How-
ever, because of the larger number of boundaries, the
algebra involved soon becomes prohibitively compli-
cated. To get around this problem we use a well-known
technique from waveguide theory. " We resolve all
vectors into their components parallel and perpendicular

"W. K. H. Panofsky and M. Phillips, Cjtassica/ E/ectricity and
Magnetism (Addison-Wesley Publishing Co., Inc. , Cambridge,
Mass. , 1955), pp. 192—194.

=Co cosq(x —wi)+Do sinq(x —w~),

w, &x&w, (2.24)

= {Czcosq(w& —w&) —D& sinq(w, —wz) }
Xexp{pg(xyw, )}, x(—w, (2.25)

= {Cocosq (wo —wy)+Do sinq (wo wj) }
Xexp{—po(x —wo) }, x& wo. (2.26)

The TM modes have E, defined by Eqs. (2.22)—(2.26).
Here A, 8, C», D», C2, and D2 are constant amplitude
factors, and the boundary conditions at x= ~m» allow

us to solve for C», D», C2, and D2 in terms of A and B.
The real parameters P, b, Pi, and Po and the (real or
imaginary) parameter q satisfy five eigenvalue equa-
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tions. For the TE modes

p2 k2Ki+ pl2

P2= k'E +p
'

P2=k'(E„+E )—b',

P2= k'E„—q',

(2.27)

(2.28)

(2.30)

It can be shown that this set of equations will have an
appropriate solution if

E,+K»K, (&K,),
and if any one of the following inequalities is satislied

k(W2 —Wi) fE,(E,—Ei)/E, f»2) -'22r, (2.41)

where
2w,b= FTE(b,piiq)+FTa(b) p2iq), (2.31)

FTM (b,p~/Ki, q)

(K'.+Ki))q{P;/K,—(q/K. ) tang (w2 —wi) }-
=tan '

K,b{q/K, + (P;/K;) tanq(w, —w, )}
(2.40)

q{p; q tanq(—w2 —wi) }-
FTa(b, p;,q) = tan ' . (2.32)

b{q+P; tanq(w2 —wi)}

Equations (2.27)—(2.30) are the conditions that H,
satisfy its partial differential equation. The quantities A
and 8 satisfy a pair of linear, homogeneous equations
arising from the boundary conditions at x= +w2 (which
we will not write down), and Eq. (2.31) is the condition
that these equations have a nontrivial solution.

Certain restrictions must be imposed on the parame-
ters of the waveguide, if solutions to these equations are
to exist Firs.t, in order that Eqs. (2.27)—(2.30) have
solutions real in P, b, pi, and p, , it is necessary that

K„+Itic&Ki(&K2) . (2.33)

A single equation for b can be obtained by eliminating
P, Pi, P2, and q between Eqs. (2.27)—(2.32), and this
equation can be solved graphically (see Ref. 4, Sec.
II B). This equation need not have a solution if the
difference between E~ and E~ is too great. However, it
can be shown that Eqs. (2.27)—(2.32) will have a solu-
tion with p, b, pi, and p2 real and positive and q either
real or imaginary if any one of the following inequalities
is satisfied:

k (w2 —wi) (E„—Ei)'")-'m.

(K K)'I'& (E„—K)'~2—
Xtan{k(w2 —wi) (E'„—E i)»2} (2.35)

2kwi(E„+Eg) Ei)"—
&FTEfk(K +Kgb K)''0k(E E)'—j-
+FTafk(K2+E E)'"ik(E'i—E—' )"'

Xk (E,—Ei)»2$ (2.36)

For the TM modes we have Eqs. (2.27) and (2.28)
and

P'= k'(E.+Kri) (K,+Kri)b'/(K +K—ri) (2.3/)

$2= k'E, —E,q'/E„ (2.38)

FTM(bipi/Kiiq)+FTM(bip2/K»q) i (2'39)

where

(K E)'—"&fK '(E, K)/—(K,K,)O'I'

Xtan{k(w2 —wi) fE,(E,—Ei)/E, j»2}, (2.42)

2wib) FTM (b,O,q)+FTM fb,k (Ei—E2)»2/E2, q], (2.43)

where

b =kf(K,+Kr)) (K,+Kr)—Ki)/(K, +Eri)]'12,
q= kfE,(E,—Ei)/E, f12. (2.44)

For a Gap electro-optic diode modulator, typical
values of the parameters at full reverse bias are
m~ ——140 nm, m»=400 nm, X=632.8 nm, n=3.31, r4~
= —0 97X10 '2 m/V Em=370 kV/cm, D= I.SX10 ',
d=4.3X10 ', p=1.8/10 '. It can be shown that just
the lowest-order TE and TM modes exist for these
values. Furthermore, for these values of the parameters,
the small angle approximation can be made for the
tangent wherever it appears in the eigenvalue equa-
tions. Treating 8, D, d, and g as small quantities, we can
solve the eigenvalue equations for b, q, Pi, and P2 to
lowest order, and P to second order in these small
quantities.

For the zero-order TE mode with EJ in the f111]
direction, we find that the parameters are

b=k~(Dyd —b)»2,

q= k22(d b)»2, —

pi= k2222$ —2I/(4S),

p2 ——k'22'I)+2I/(4n)

(2.45)

(2.46)

(2.4/)

(2.48)

P= k22f1—d/2 —d'/8+k2n262/2

+2P/(32k2N2n2) j (2.49)

S=wiD+ w2(d —b) . (2.50)

The inequalities (2.34)-(2.36) are to lowest order

22k (W2—Wi) (di —b)»2) -'2r

+2I &22k(w2 —wi) (di —b),

(2.51)

(2.52)

+2I&222kfwiD+w2(di —b)j. (2.53)

For the typical parameter values listed earlier, in-
equalities (2.51) and (2.52) are not satisfied, but
inequality (2.53) is satisfied.

For the zero-order TM mode, the expressions for
b, q, pi, p2, and p, as well as inequalities (2.41)-(2.44)
are obtained from Eqs. (2.45)—(2.53) by replacing b

by —28.
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The phase difference Aq can now be written down. 4

(2sr)VSn'mrs, Epws S 14jgJ
&@=&(pTa—prM) = wiD+ws d—

2

n2

X
4srn {wiD+u s(d+nsr41Eg/&3)}s{wiD+ws(d —2n'«1Ez/V3) }'-

(2.54)

In this expression t is the length of the diode.
Other simple orientation choices are RJ ~[100j with the z, y, z axes in the [100$, [011j,[011jdirections, and

Kg~~[1101 with the z, y, z axes in the [110],[001), [110$directions. For the sake of brevity we will not work out
these two cases in this paper, but we will give expressions for p and. for the phase difference in both cases. We refer
the reader to Ref. 4 for the contribution of the Pockels effect to the dielectric tensor, the analogs of Eqs. (2.1)—(2.3),
and for the general form of the solutions.

For RJ ~~[100j, the expression for P for the zero-order TE mode is obtained from Eqs. (2.49) and (2.50) by
replacing 8 by %38, while the expression for P for the zero-order TM mode is obtained from Eqs. (2.49) and (2.50) by
setting 8=0. The expression for Arp is

(2sr)snslr&1Esws nsrssEg f' X
5&p= — W1D+Ws d+ 1—

2 14srn {wiD+ws(d+nsrssEg)}3{ wiD+wsd}'
(2.55)

For the case of Rsj([100] and propagation along [011J, the expression for P and hss must be modified, by
replacing r4jEg by —r4&Eq.

For RJ ~~[1101there are no longer TE and TM modes, but there are two modes designated the (+) mode and.

the (—) mode. ' For the (+) mode P is obtained from Eqs. (2.49) and (2.50) by replacing 8 by —V35, and for the

(—) mode P is obtained from Eqs. (2.49) and (2.50) by replacing 5 by %35. In this case the expression for Ass is

2(2sr)'n'lwsEsr&1(wiD+wsd)

g8

X 1-~---
(4srn {uiD+ws(d rssnsE~)}—'{wsD+ws(d+r41n'E~)}'

(2.56)

In all three expressions for the phase difference, Eqs.
(2.54), (2.55), and (2.56), the last term in square
brackets dj8ers llttlc froln unity for thc typical paraInc-
ter values quoted earlier.

Throughout this section, we have assumed that the
junction Geld Rg produces thc anisotropy in the junction
region by means of the linear electro-optic effect alone,
and wc have neglected the quadratic electro-optic
CBects.""This neglect is not justiiable in all the
situations considered in this paper, and so we now

consider how the formulas of this section must be
modified in order to take into account the Kerr C6ect.

%hen referred to the crystallographic axes, the in-
verse of the dielectric matrix of a crystal of point
gI'oup 435$ has thc coInponents"

Bss=Bss= rsiE1+R43EsE3,

Bss=Bis= rssEs+RssE3E1,

Bis—Bsi= r41E3+R33—E1Es,

(2.60)

(2.61)

(2.62)

jV~ —g&~ If'
2
—jV3—0, (2.63)

If the (B;;)matrix with these values of E1,Es, and Es is
diagonalized, the principal axes are in the [100$, [011J,
and [011jdirections, the same as when the Kerr effect
is neglected. The corresponding dielectric constants are
now

where r4~ is the previously mentioned electro-optic
coeKcient, and R~~, 8~2, and 844 are the three non-

vanishing Kerr constants.
For Rs it[100j,

B11= 1/ns+R11Ess+Rrs(Ess+Ess), (2.57)

Bss—1/'n +Rs]Es +Ris(E3 +Es ) p (2.58)

B33=1/'n +R11E3+R1's(E1 +Es ) y (2 59)

{o} ns(1 nsR, (Ezs) )

K„&s&=ns(1 —N8 —nsRss(Ess)„),

K,&s&=ns(1+VZ5 —n'R (Es'), ).

(2.64)

(2.65)

(2.66)

I' J. F. Nye, I'hysical ProPerties of Crystals (Clarendon Press,
Oxford, 195/), p. 242.

'3W. P. Mason, Crystot Pttysscs of lrttcrctctson Process (Aca
demic Press Inc., New York, 1966), p. j.65.

If we compare Eqs. (2.64) and (2.65) with (2.1)-(2.3),
it is easy to see that in order to take into account the
Kerr effect for the zem-order TE mode with Rs~~ [100j,
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we must modify Eqs. (2.49) and (2.50) for P by re-
placlIlg b by v3b+I R»(EP)g~, while for 'the TM mode,
P is obtained from Eqs. (2.49) and (2.50) on replacing 8

by I'R»(Eg'}, .Equation (2.55) for the phase difference
is no longer valid and must be recalculated. Ke do not
give the result here.

A similar calculation can be carried out when R~ is
in the L111jand D103 directions. The principal axes in
the I 1111case remain unchanged when the Kerr effect is
taken into account. In the L1101 case a slight 6eld-
dependent rotation of the axes around the L110)
direction occurs. %C do not reproduce the results since
they will not be needed here.

III. EXPERIMENTAL TECHINIIQUE

Most of the diodes studied were prepared by ZQ
diffusion into Te-doped (So=10'~-10" cm ') GaP
crystals grown from a gallium solution. A few crystals
grown by vapor deposition werc also processed. They
were carefully selected for optical and electrical homo-
gcQc1ty aQd ollcntcd. A few juDctloDs wcxc glown by
the solution epitaxy method. The faces through which
the light entered or left were also oriented crystallo-
graphically before being optically polished. A few of the
diodes with the junction 6eld. in the $111j direction
were cleaved along (110) planes. The crystals were
mounted so as to prevent the light beam from striking
the mounting. Some diodes were provided with Sio
antireBection coatings.

The experimental arrangement for measuring the in-
tcnslty dxstrlbutlon of transmlttcd light consls'tcd of a
632.8-nm Hc-Ne laser focused onto the entrance face of
the diode by the condenser of a Zeiss polarizing micro-
scope. At the position of the real image (&&200) formed
of the exit face of the diode by the microscope objective
a motor-driven slit was located. A photomultiplier tube
detected the light passing through the slit and its signal
was recorded on an x-y recorder whose horizontal
coordinate represented the slit position.

The phase diGerencc measurexnents werc made in
nearly the same experixnental arrangement as just
described. The polarizers in the microscope were crossed
and oriented so as to introduce equal intensities into the
two principal states of polarization of the junction
waveguidc. An Khringhaus compensator was used to
measure the phase diGerence. For some measurements a
Scnarmont compensator was used with appropriate
reorientation of the analyzer. The null in the light in-
tensity as the compensator was adjusted was detected
sometimes visually, sometimes with the slits and photo-
multiplier, but most often with the photomultiplier and
no slits. YVhen using the photomultiplier, either its
signal could be minimized, which is an essentially static
procedure, or a small alternating voltage (usually 1-kHz
frequency) could be superimposed on the reverse bias of
the diode and the ac component of the photomultiplier

"F.K. Reinhsrt, J. Appl. Phys. 39, 3426 (1968).

signal minimized. Most of these measurcxnents were
made with a He-Nc 632.8-nm laser beam though a fcw
were also made with a He-Ne 1453-nm laser beam and a
GaAS 896.5-nm laser beam.

The measurexnents of the change of phase with
voltage werc made by an optical heterodyne technique
at 632.8 nm."A small alternating voltage (frequency
typically 7.23 MHz) wa, s superposed on the reverse bias
of the diode. The light beam emerging from the diode
was combined with the beam from a second laser whose
frequency was periodically swept (22-Hz repetition fre-
quency) through the frequency range of the Erst laser
beam. No slits were used in this arrangement. A
photomultiplier detected the beating between the two
beams. The strength of the sidebands created by the
modulating voltage on the 6rst beam can be interpreted
in terms of the change of phase with voltage. Details of
this method are discussed elsewhere. "

In order to obtain reliable measurements the whole
system had to be aligned very carefully 6rst without and
then with the diode inserted. Since we have only indirect
evidence of the quality of the alignment of a diode, a
standard approach had to be adopted which was used.
for all types of optical measurements: (a) The diode
was rotated about an axis that was approximately per-
pcQdlcular' to thc juQctxon plaQc un'tlltIle cQt11c dlodc
exit face appeared sharply in focus at a large magni-
6cation; (b) the diode was rotated around the axis of
light propagation until the junction plane was in the
desired orientation with respect to the crosshair in the
microscope ocular that was 6xed in space; (c) the beam
was carefully focused on the entrance face; (d) the diode
was moved laterany until the beam hit the junction
region by observing the exit face of the diode; (e) the
junction plane was adjusted with respect to the beam
axis until a "clean" looking mode pattern appeared
when focusing on the exit face. Because of the diode
movements involved, steps (c)-(e) had to be carefully
repeated a number of times. %hen aligning the slits for
phase difference measurements a reverse bias close to
breakdown was applied to the diode. The slits were
moved to coincide with the peak of the transxnittcd light
when the polarizers were crossed. %hen the compensa-
tion was varied the deepest minimuxn occurred at this
location also (see Sec. IV, Fig. 5). Alignment steps
(c)—(e) were then repeated to obtain the maximum
phase di6erence reading while retaining as deep a
compensation minimum as possible.

To obtain a deep compensation minimum either with
or without sHts it was often helpful to change the laser
beam spot slzc on thc cDtI'ance face of thc d1odc. AD
optimum spot size is one which couples the greatest
amount of the light into the discrete modes and the least
amount into the continuum modes. This is expected to
lead to the deepest compensation minixnum. Since the
spot sizes were difTraction limited, alteration of the

~5 I.P. Kaminow, AppI. Phys. Letters 7, 123 I,'1965).
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Fn. 3. Intensity distributions for the TE mode on the output
surface of the diode for (1) 0 V, (2) —14 V, (3) —28 V.

convergence angle of the light at the diode with the aid
of an auxiliary lens was used to change the spot size.

The coincidence in location of the intensity maximum
and the deepest compensation minimum gives a strong
empirical argument for the use of slits in phase difference
measurements. The use of slits, however, makes the
measurements sensitive to alignment procedure. Varia-
tions of the measured phase difference of 30% were
often obtained if the entire alignment and measurement
procedure were repeated. We attribute this to the fact
that not all the light is coupled into the discrete
waveguide modes but that some of the light is coupled
into the continuum waveguide modes at the entrance
face of the diode. ' Interference of these two components
of the transmitted light can cause a variation of the
measured phase difference with position and with the
alignment. A smaller variation of the measured phase
difference with alignment was found when no slits were
used. For this reason all the data presented in this paper
on phase differences were obtained without the use of
slits. It should be pointed out, however, that the data
presented in an earlier letter' were obtained using slits
aligned as described above or using visual judgment
which weighs heavily the attainment of the deepest
compensation minimum at a specific location just as the
slits do.

A further problem with the phase difference measure-

ments is the disagreement of phase differences measured

by the static and the ac techniques. With slits being
used this disagreement can easily be a factor of 2.
Without slits the disagreement is much smaller but the
ac technique always yields larger phase differences. The
discrepancy can be 15% but is generally less than this.
This disagreement is believed to be the direct result of
the presence of the continuum mode light. Ideally when

the compensator is varied through a phase change of 2m.

the transmitted light should vary sinusoidally, reaching
zero at a particular compensation value. In practice the
minimum reached is not zero and its value increases as

the reverse bias is increased. Recent calculations' ac-
count for this effect qualitatively and show it to be due
to an increasing proportion of the continuum modes. On
this basis it can be shown that the ac measurements
will be too high and the static measurements too low.
For this reason all the phase difference data presented
in this paper are an unweighted average of the results of
the two techniques.

IV. INTENSITY MEASUREMENTS

Measurements of the dependence of the light inten-

sity versus position on the exit surface of a diode
modulator as a function of voltage and polarization are
potentially capable of distinguishing between various
waveguide models. With this goal in mind many such

measurements have been made and will be discussed in
this section. First we wish to show by the simplest of

observations and theoretical arguments that discrete
modes of the waveguide are transmitted. Some evidence

has already been presented in favor of this conclusion. ' '
In Fig. 2 is shown the intensity of light on the exit

surface of a diode under two conditions of input focusing

and two polarizations. To obtain these data, a 632.8-

nm He-Ne laser beam was focused on the input surface

of the diode, and the diode, whose junction field was in

the L111jdirection, was in full reverse bias. The image

of the output surface was scanned photoelectrically

using a narrow slit. The broad low curves in each polar-

ization were obtained when the input beam was focused

on the surface of the homogeneous crystal on the e side

of the junction. When the position of the focus was

moved laterally over to the P-e junction, the peak
intensity of the light at the exit surface was increased by
a factor of 5 and the width of the distribution was

narrowed by a similar factor. This factor is almost the

same for each of the principal polarizations, being only

slightly larger for the TM mode. This indicates that the

higher dielectric constant inside the P-n junction that
causes mode confinement is nearly the same for each
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TsnLz I.e; values as de6ned by Eq. (5.3) for the orientations studied and measured values of the fractional optical dielectric constant
increase (D) and the linear electro-optic coefhcient (r4~).

Diode

KC7188
KC46CA
KCSOBA
KC50CA
KC50C8

Orientation
R

L111) J $111)
fiii) J $111)
$110) IIL110)
Lfoo) IILOII)
Lioo) IILofi)

TK
(—)

1

1
V3

VS
—VS

—2
—2
—VS

0
0

1,1
1.6
2,0
1.8
1.6

BX103

TM
(+)

2.2

1.1
1.4
1.8
2.2
1.2

—0.69
—0.68
—0.71
—0.52
—0.97

~aX10"
Lm/V)

TM
(+)

—0.78
—0.63
—1.18

—0.79
—0.97

+0.29
—0.68

polarization. This is true in spite of the fact that for the
TM mode the linear electro-optic CBect increases the
dielectric constant, as seen from Eqs. (2.1), (2.4), and
(2.5), while for the TE mode it decreases the dielectric
constant, as seen from Kqs. (2.2), (2.4), and (2.5). From
these facts we conclude that the "built-in" higher
dielectric constant in the junction is large compared to
the electro-optic contribution, that is D&&28. Ke calcu-
late h to be &2+10 ' from the junction electric 6eld
determined from capacitance measurements. Therefore
D)+4+10 which ls consistent with thc mcasurcmcnts
of D to be presented in the next section. For a=1.5
X IO ' (see Table I) and a waveguide width comparable
to typical junction widths, one discrete mode of each
polarization wH1 exist unless rf/D&0. 16, that is, unless
the asymmetry is too large. Using the Drude formula to
calculate the free carrier depression of the dielectric
constant on the homogeneous e side of this diode we
find dl ——3.4&10-'. From the diffusion profile deter-
mined from capacitance measurements we calculate
d2 ——5.2&10 ' at a distance 1.5 pm beyond the junction
on the p side. These values lead to rj/D= I.2)&10—', well
within the tolerable limit for the existence of discrete
modes which must thus be present in the diode of Fig. 2.

Though the above argument as well as previous re-
sUlts ' RI'c stlong evidence for thc plcscQcc of dlscI'ctc
modes, a quantitative demonstration that the trans-

mitted lntcnslty versus posltlon, voltage, Rnd polRI'iza-
tion agrees with that expected for discrete modes wouM
be very useful. Figures 3 and 4 show the transmitted
light distribution on the output surface for the diode
just discussed. To obtain these data the input focusing
was adjusted to minimize the light intensity on the
wings of the distributions. The decrease of intensity on
each side of the distributions is roughly exponential as
expected from the model of Sec. II. No direct compari-
son of experiment and theory is possible, however, since
Fig. 5 demonstrates that the light distribution is not
that of a single mode. The distributions of Fig. 5 werc
measured with thc dlodc bctwccn crossed polRI'lzcls and
the principal electro-optic axes at 45' to the trans-
mission axes of the polarizers. The diGerent curves
correspond to the insertion of various amounts of optical
phase difference by an Ehringhaus compensator also
placed between the crossed polarizers. If the light
dlstl'lbUtloIl wRS dUc to R combination of R single Inodc
of each polarization, the curves for each diGerent amount
of optical compensation should be identical in shape and
only translated vertically with'respect to each other.
Small deviations from this are to be expected since the
two modes have diferent shapes. ' Clearly the deviations
seen in Fig. 5 are too large to be explained in this
mann CI'.

1.0,

I

3

)0 i I

0 2 4 6 8 t0 f2
DISTANCE {P)

FIG. 4. Intensity distributions for the TM mode on the output
surface of the diode for (1) 0 V, (2) —14 V, (3) —28 V.
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6 &0 ~p

DlSTANCF (P)
FxG. 5. Intensity distributions on the output surface of the

diode vvhich is at —28-V bias and placed bet@ een crossed Dolarizers
for (1) 0, (2) 30', (3) 60', (4) 90', (5) 120', (6} 150', (7} 180' of
phase diGerence introduced by an Khringhaus compensator.
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dielectric constant which is sma11 compared to the
dielectric constant contribution w ic ci causes mode con-TE MO E

DIODE KC7IBB

finement and which adds to the latter for the T mo de

agreement wi e mot 'th the model. Fourth, the eGect of voltage
e than heon the distribution is larger for the TM mode than e

TE mode. This also agrees with expectations as seen
rom Eqs. (2.1), (2.2), and (2.51)—(2.54). Fifth, the

small changes in the width of the distributions are con--30-

sistent simply with electro-optic contributions an
h 'th the thickness of the higher dielectric con-ence wi e i
stant region which produces mode con nemen g
inde endent of voltage as assumed in the model. If this
thickness were to vary with voltage i e e j
width does, as originally believed, ' the intensity distri-
butions would have to change by roug y a
in the voltage range depicted in Figs. 3 an 4.

4 ~

4. Sixth itis
t that the intensity distributions are
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that the dielectric
The explanation, we e ieve, is a f t r decrease on the p side indicates tha
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FIG. 10. Same caption as Fig. 6.

V. PHASE 1VIEASUREMENTS

In this section we present measurements of the phase
of light waves transmitted along the junction plane of
GaP p-II junctions. We will show that these measure-
ments are best interpreted in terms of the waveguide
model of Sec. II, that is, by the linear electro-optic
eGect acting upon the discrete modes of a dielectric
waveguide whose major mode-confining dielectric dis-
continuities are 6xed in the crystal while the electro-
optic eGect boundaries move with the junction
boundaries.

The phase measurements are of two types: (1) mea-
surements of the change of phase with applied voltage
for each of the two modes of diff'ering polarization and
(2) measurements of the phase difference between these
two modes. The former are made by an optical hetero-
dyne technique and the latter by an optical compensator
method. Both methods were described in Sec. III. It is
interesting to note that the application of SiO antireQec-
tion coatings did not inhuence the results of the phase
difference measurements systematically. In Figs. 6(a)-
10(a) are presented the results of the measurements of
the modulation index per volt M; defined by

dS

16(kIIX))' dV
(5.2)M;=e'k'tS, 1—

where
n;= wiD+w2(d —n;8), (5 3)

and o,; is given in Table I for the various crystalline
orientations and modes. In writing Eq. (5.2) we have
assumed that I does not vary with voltage through the
piezoelectric or electrostrictive effects. We will return to
this point later. The term in g' arises from the asym-
metry of the waveguide. For the typical values of q
given in Sec. IV this term is negligible and may be
dropped from Eq. (5.2).

From the insensitivity of the intensity distributions
to voltage changes, shown in Sec. IV, we conclude that
the increased dielectric constant in the junction, repre-
sented by D, and the width over which it extends, m~,

are voltage-independent. Thus the first term in Eq. (5.3)
is independent of voltage. Since by dehnition 2w+q
= Vo—V, where V()—2 V for Gap is the built-in po-
tential, the third term in Eq. (5.3) can be expressed as

o,w,S= —(npPrci/2VS) (Vo—V), (5.4)

which gives a linear contribution to the voltage de-

pendence of M;.
The second term wmd in Eq. (5.3) requires closer in-

spection. First, its presence in Eq. (5.3) depends upon
the assumption of the model that the electro-optic e6ect
in the two regions, wi& ] x[ &w2, changes the dielectric
constant from its intrinsic value. If in these two regions
the electro-optic eGect were to change the dielectric

denotes the mode. Within experimental error the results
are describable by straight lines for both polarizations
and for all of the diodes studied. The characteristics of
the diodes for which data are presented in Figs. 6—10 are
given in Table II.

Because of the method of measurement of M; only its
absolute value is found for each polarization. The rela-
tive algebraic sign of the two used in plotting the results
was determined by comparison with the phase di8er-
ence measurements on the same diode. These results are
shown in Figs. 6(b)—10(b). The comparison was made
by integrating erst the modulation index per volt data
with respect to voltage for each polarization and then
seeing whether a sum or a difference of the phases
agreed with the phase diQerence results. The choices of
signs determined in this way were consistent with the
predicted signs of the model in each case. For the diode
with Eq[~ [110jwhere the phase changes are expected. to
be equal and opposite for the two modes a further check
of the sign was possible. When an equal amount of both
polarizations was sent through the diode, the two Grst-
order side bands seen in the heterodyne technique were
of vastly diGerent strengths. This showed that the
signs of the phases were opposite.

From Eqs. (2.49) and (5.1) the waveguide model of
Sec. II yields
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TABLE II. Diode characteristics: length (1); zero-bias junction half-width [n'4(V=0) j; average junction electric Geld at full reverse
bias (Ez, ); capacitance parameters (V4,y) determined from C=Cp(1 —U/V4) &; doping gradient (o) determined from capacitance
data; bulk electron concentration from conductivity measurements (ahull).

Diode

KC71BB
KC46CA
KCSOBA
KCSOCA
KCSOCB

tt

[10 ' cmg

S.24
7.10
8.51
9.22
7.15

(1/" =0)
Lnm 1

168
139
80.5
82.2

148

EJ max
[kV/cm]

340
370
510
490
325

[V]
1.9
1.8
1.8
1.6
1.7

0.407
0.380
0.326
0.308
0.355

[10"cm 'j
0.27
0.50
3.4
3.1
0.42

Nbu llew

[10"cm 'g

2.6
3.8
3.5

3IITM n'/4'lw tD[——d (wsd) /d V] (5.6)

The only unknown in Eq. (5.5) is the product wtD. It
can be found for a particular diode from the intercept
of the 3x/; versus V curve at V = Vo for each polarization
mode. The consistency of the values can then be
checked. The slope of such a curve can be used to obtain
a value of r44 from the second term of Eq. (5.5) for
comparison with the value found on bulk GaP crystals. '
In Eq. (5.6) wtD is also unknown while d is known only
approximately. The voltage dependence of m& is known
from capacitance versus voltage measurements for each
diode.

Within the validity of Eq. (5.5), Eqs. (2.54)—(2.56)
for 6y can be simplified by putting d = g =0 and
2wzE j—VQ V. In the cases of Es~~L111]and Es~((100],

constant from the depressed value characteristic of the
contiguous bulk region, the m2d term would disappear
from Eq. (5.3). Since, as we will see, we cannot posi-
tively verify the presence of this small term from
experiments, either assumption is possible. For two
reasons, however, we will use the assumption which
retains the term. (1) Its presence improves the fit, as we
will see, where Er~~Es~~f100]. (2) It uses only known
mechanisms of altering the optical dielectric constant,
that is, the plasma resonance from free carriers and the
linear electro-optic effect The alternate model would
require a depression of the optical dielectric constant
from the intrinsic value by some means other than the
presence of mobile charge. Second, the maximum value
of wsd is only about 4% of wtD and so can be neglected
in the S, factor of Eq. (5.2). Third, the maximum of

~

d(wsd)/dV
~

is less than 10%%uo of
~
d(n, wry)/dV~ for

V& 0 and so may be neglected in the dS,/dV factor of
Eq. (5.2) whenever 4r, &0. The term d(wzd)/dV would
be significant if n;/ 0 only for a forward-biased abrupt
junction whose n and P doping levels both exceed
SX10"cm

With the approximations just outlined Eq. (5.2) can
be simplified to be

M, = —(n,n 'Is 'jr 4,/2 v3 )
)({wtD+rr,nsr44(Vs V)/2v3) (5.—5)

for all cases studied here except for Kg~~[100], where

n;=0, when we expect

then contains just terms linear and quadratic in

(Vs—U), and in the case of E~~~L110], Dq contains only
a term linear in (Vs—V). The presence of strain
birefringence wil 1 add a voltage-independent term to
hp. From the measured coefficient of the (Vp—V) term
a value for m ~D can be found for the diode and from the
measured coefficient of the (Vs—V)' term a value of r4t
can be found for comparison with bulk crystal measure-
ments of it.'

The value of D, the fractional dielectric constant
increase in the junction, can be determined from the
value of m ~D found from experiment, if the width w ~

within which D exists is known. We do not have any
practical way of determining x ~ from experiment at
present. However, it is reasonable that m ~ is approxi-
mately the zero-bias junction width since the dielectric
constant increase was presumably created during the
junction formation when no bias was on the junction. It
was, of course, at an elevated temperature at that time.
In Table I we present the values of D found by using
the zero-bias junction half-width ws (V= 0) for w&. The
clamped value' of r4t ———0 97X 10 "m/V was used in
the calculation, because of the bulk crystal clamping of
the electro-optic layer. However, if the unclamped value
of r44 were used, D would increase only by 13%. The
agreement among the values of the fractional dielectric
step height D found from the various measurements on
a given diode is within 25%. In view of the measurement
problems created by the continuum mode light this is
regarded as satisfactory agreement.

Table I also gives the values of r4 ~ found from 3f, and
measurements for those orientations where this is

possible. Except for one case (a positive value of r4t!) the
agreement with the bulk value' is regarded as satis-
factory. We also checked the voltage dependence of 6p
for Eq~~ L111]. The sublinear voltage dependence pre-
dicted by Eq. (2.54) after replacing Es with EJwas-
experimentally verified. All this agreement gives strong
support to the model .

Though the majority of the data presented is in
agreement with the model as presented so far, there are
three observations that are deemed to fall outside the
range of uncertainty that arises from continuum mode
effects (1) The modulation index per volt measured for
the TM mode in diodes with E~~~L100] is much larger
than expected from Eq. (5.6) and is of a different
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functional form. This we will refer to as the anomalous
modulation. (2) The Ay-versus-V curve for diode
KCSOCA (Eq~~f100]) is slightly superlinear rather than
slightly sublinear as expected. (3) The hq-versus-V
curve for diode KCSOBA (1."~~~ L110$) is slightly super-
linear rather than linear as expected. This results from
the unexpected dissimilarity of the slopes of M, versus t/"

for the (+) and (—) modes. A number of eRects
must be considered as possible explanations of these
discrepancies.

(1) Waveguide width changes. This eRect, repre-
sented by the m»d term discussed previously, is too small
in magnitude and has the wrong functional form to
explain the anomalous modulation.

(2) Mode mixing. A sufliciently large strain through
the elasto-optic eRect can cause a coupling of energy
between the two polarization modes. ' " Calculations
indicate that strains of this size would also cause the
optic axes in the electro-optic region to be misoriented
by 10 . Misorientations of this size have not been
observed.

(3) Piezoelectric and electrostrictive length changes.
A change of the junction electric field through these
eRects can cause a phase change of eht in addition to the
electro-optic phase change of Qe. If the bulk crystal
surrounding the junction did not constrain expansion or
contraction of the junction layer, the piezoelectric eRect
would be much larger than the observed discrepancies
on the basis of the recently determined piezoelectric
coefficient of GaP. ' However, an approximate calcula-
tion of the clamping eRect of the bulk crystal (due to
Tiersten) shows that the contribution of the piezoelectric
effect to M; is only 1% of the contribution of the
electro-optic effect. It should also be remembered that
piezoelectric length changes could only aRect the 3f,
measurements and not the Ay measurements.

(4) Symmetry-violating indirect electro-optic effect. '
If the application of the reverse bias to the junction
excites acoustic resonances of the diode, the time- and
space-dependent strains created will not possess the
symmetry of those in an infinite crysta). They will be
affected by the size and shape of the crystal. The
indirect electro-optic effect arising from the combination
of the piezoelectric and the elasto-optic eRects will not
then possess the symmetry of the direct or true electro-
optic eRect. The constraining or clamping eRect of the
bulk. crystal on the junction layer prevents this mecha-
nism from being significant as discussed above.

(5) Quadratic electro-optic eRects. These include the
Kerr eRect and morphic eRects. The latter may arise
when the electric field is strong enough to lower the
symmetry of the crystal. Ke will ignore them here. The
Kerr eRect will produce new terms in the phase ex-

pressions of the form given in Sec. II. The magnitude of
the Kerr coefficients R~~, Rjl~, 844 of GaP are not

'6 J. McKenna and J. A. Morrison, Bell System Tech. J. 47,
&OSS (196S).

presently known. An estimate of the Kerr eRect can be
made by an extension of the well-established Miller
rule" for the second-order nonlinear susceptibilities (a
third-rank tensor) to the third-order nonlinear sus-
ceptibilities (a fourth-rank tensor). Such an extension
seems to be justified in the light of the data available
at present. (1) The Kerr eRect in some paraelectric
pervoskites was measured by Geusic et al."They found
that the Kerr eRect in these materials appears to be
proportional to the square of the polarization with an
apparently common proportionality constant. Since the
refractive indices of these investigated materials are
very similar, the above experimental finding gives sup-
port to an extension of Miller's rule concerning the
third-order nonlinear susceptibilities (one of which is
represented by the Kerr effect)." (2) Wynne and Boyd"
have recently predicted third-order mixing constants
for Ge based on a measured third-order nonlinear
coefficient of calcite by making use of Miller's phe-
nomenological rule. Their recent experiments have con-
firmed this prediction. They also have studied Si for
which theory and experiment only diRer by a factor of 3.
(3) Patel et ul. 2i also measured a third-order mixing
coefficient in GaAs and also found good agreement with
the phenomenological theory. These third-order mixing
coefFicients are closely related to the Kerr coefficients.
Based on these facts we can justify a prediction of the
magnitude of the Kerr effect for GaP by assuming that
the coefficient of the third-order anharmonic force term
is similar to the coefficient for Ge, Si, GaAs and the
perovskites. The result of such a prediction is

~

R
~=10 " m'/V'. In the noncentrosymmetric GaP the

second-order anharmonic forces that are thought to be
responsible for the linear electro-optic eRect also con-
tribute to the Kerr eAect. This contribution was esti-
mated to be only 5&&10 '4 m'/V' and can therefore be
neglected.

The experimental discrepancies can be qualitatively
explained by assuming Kerr constants of the magnitude
discussed above. The experimental accuracy, however,
is not sufficient to allow for any conclusions concerning
the importance of the Kerr-eRect contribution with
possibly one exception, the anomalous modulation. It
could be quantitatively accounted for if R»= —4
X10 "m'/V'. In Figs. 11 and 12 are shown the im-
proved fits to the anomalous modulation when the Kerr
eRect combined with the width change contribution to
Eq. (5.6) for diodes KCSOCA and KCSOCB. A definitive
proof of the existence of a Kerr effect would be the
observation in a diode with Eq~~ [110jof a rotation of the

» R. C. Miller, Appl. Phys. Letters 5, 17 (1964).
'8 J.E. Geusic, S.K. Kurtz, L. G. Van Uitert, and S.H. temple,

Appl. Phys. Letters 4, 141 {1964).
'9 S. K. Kurtz and F. ¹ H. Robinson, Appl. Phys. Letters 10,

62 (1967).
» J. J. tA'ynne and G. D. Boyd, Appl. Phys. Letters 12, 191

q 1968).
» C. K. N. Patel, R. F. Slusher, and P. A. PIeury, Phys. Rev.

Letters 17, 1011, (1966).
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FIG. 11. Anomalous modulation versus applied bias (circles):
(1) calculated waveguide width change contribution, (2) proposed
Kerr-eGect contribution, (3) combination of (1) and (2).
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Fro. 12. Same caption as&Fig. 11.

optic axes which are nominally at 45' to the junction
plane by an angle which is proportional to the electric
field in the junction. With the magnitude of E~~ indi-
cated above this expected rotation is less than 2' for
full reverse bias. We have searched for this effect
experimentally but have been unable to establish con-
clusively either its presence or absence because of
problems presumably due to the presence of the con-
tinuum mode light. Thus, we feel that the Kerr eGect is
the most likely explanation of the discrepancies but, in
view of the difhculties of measurement pointed out, we
feel that the analysis in terms of a small additional Kerr
eGect falls short of a proof of its presence.

The origin of the larger dielectric constant in the
junction, represented by D, is an interesting question.
One possibility that suggests itself is the depression of
the dielectric constant in the bulk crystal by the plasma
resonance of the free carriers. In the depletion layer of
the junction this depression would be absent. The
magnitude of this effect is easily calculable and is found
to be at least 50 times too small. It should be noted that,
although w&D is measured and wt is not known a priori
to be the zero-bias junction width as assumed, any

500
I I I I I I I I I

700 IOOO I400

WAVELENGTH [nm]

FxG. 13. Wavelength dependence of D. The line through the
experimental points corresponds to D ~X@'.

VI. CONCLUSION

Our observations of light transmitted along the plane
of reverse biased P injunctions in-Gap in conjunction
with our studies of electromagnetic models of the
junction have led us to the following conclusions: (1)An
optical waveguide surrounding the junction occurs

drastic increase of m~ from this value in order to de-
crease D would cause the expected light intensity distri-
butions to be much broader than the measured ones
presented in Sec. IV.

A number of characteristics of D can be derived from
the experimental values of m~D, if we assume that zvq is
the zero-bias junction width. Its boundaries do not move
with voltage; its magnitude does not vary with voltage,
crystal orientation, or junction-formation technique
(junctions formed by liquid phase epitaxy have a
comparable D to diffused junctions). D depends on the
wavelength X as roughly Aat' according to the data
presented in Fig. 13.This seems to rule out any simple
band-gap shift as an explanation since it would cause D
to decrease with increasing wavelength. Finally we have
found m ~D to vary only from 2.3)(10 ' to 1.8)(10 cm
when the dopant concentration, as deduced from the
capacitance characteristics, varied from 4.5&(10" to
2.7X10'~ cm ' for a series of eight diodes. One other
diode yielded m~D=3.6X10 cm for 4.7X10" cm '.
We feel that these data are inconclusive in determining
any dependence of m «D on doping. At present we do not
know of any mechanism to explain these facts and hence
the origin of D.
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naturally. (2) The waveguide arises from a higher
refractive index in the junction plane. (3) The asym-
metry in this dielectric waveguide is sufIiciently small
to allow propagation of discrete modes. (4) For parame-
ter values characteristic of the GaP P n-junctions
studied, only the lowest-order discrete mode of each
polarization can propagate. (5) The product of the
fractional optical dielectric constant increase and the
width over which it extends is independent of bias. (6)
The linear electro-optic (Pockels) effect creates a
birefringent layer coincident with the junction depletion
layer which expands with voltage. (7) Certain anomalies
in the phase measurements are best explained as arising
from a small quadratic electro-optic (Kerr) effect,
though the agreement falls short of a proof of its
presence.

Two aspects of this problem need further work. One
is the fabrication of diodes at least 1 cm in length from
optically and electrically homogeneous crystals. By so
doing the intensity of continuum modes, which arise

from the satisfaction of boundary conditions at the
input surface, will be greatly reduced at the output
surface. This should improve the accuracy of both
intensity and phase measurements and allow more
definitive studies of secondary characteristics such as
the Kerr-eRect contribution. The second aspect needing
further attention is the understanding of the mechanism
which creates the higher refractive index inside the p-n
junction. The present situation regarding this was
summarized at the end of Sec. V.
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Determination of the Gradient-Elastic Tensors for A»'Bv Compounds
Using Nuclear Acoustic Resonance*

R. K. SVNDZORS

Arthur Potty Co)upton Laboratory of Physics, Washington Unioers&y, St Louis, Miss. ouri 63130
(Received 8 July 1968)

Acoustic waves in crystalline solids can couple energy to nuclear spin systems via the nuclear electric
quadrupole interaction. For a known quadrupole moment, measurement of the acoustic attenuation due to
this interaction allows the determination of the components of the fourth-order tensor connecting electric
Geld gradients to elastic strains. By the use of nuclear acoustic resonance at 300'K, the magnitudes and
relative signs of the gradient-elastic tensor components have been determined for type A~ Bv semicon-
ducting single crystals at the A and 8 nuclear positions in InAs, InSb, GaAs, and GaSb and at the 8 nuclear
position in AISb. The experimental error is +6% in the measured product of quadrupole moment and gra-
dient-elastic tensor component. Ionic contributions to the electric Geld gradients alone do not explain the
relative signs and magnitudes of the components. A physical model is proposed to separate the ionic and co-
valent contributions to the measured gradient-elastic tensor components. This model predicts the ratio
of the ionic contributions to the tensor components at the same nuclear positions in two di8erent compounds
and in the same compound. Such a model can be used to compare the several sets of effective ionic charges
that have been proposed for these compounds. The ionic contributions found from this model have magni-
tudes that can be explained by antishielding coeKcients smaller than 220. The covalent contributions at A
and J3 nuclear positions have di6erent magnitudes and different signs.

I. INTRODUCTION

LASTIC strains have appreciable interaction with
- ~ the nuclear spin systems in the A'"8 semicon-

ducting compounds. In the presence of strains, the
cubic symmetry at A and 8 nuclear positions of the
unstrained perfect crystal is destroyed and electric field

gradients are created. The electric field gradients inter-
act via the large nuclear electric quadrupole moments
with the nuclear spin systems. The over-all interaction

*This work supported by the National Science Foundation
under NSF Grant No. GP-6525.

between elastic strains and. the nuclear spin systems can
then be considered to consist of two parts: (i) the cou-
pling between elastic strains and electric field gradients,
and (ii) the nuclear electric quadrupole interaction. Our
lack of knowledge about (i) is conveniently represented
by a fourth-order tensor' S connecting the elastic strain
tensor a to the electric field gradient tensor,

V;V;V= V;,;=+ 5;;ste) t (ij))k)I=o)y)z). (I)
k, l

'E. F. Taylor and N. Bloembergen, Phys. Rev. 113, 431
(1959); E. F. Taylor, Ph.D. thesis, Harvard University, 1958
(unpublished).


