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A theory for two-beam two-photon photoconductivity is presented that explains most of the features of
the two-beam two-photon conductivity measurements recently reported by Koren and Yacoby in ZnS.

The advent of the high-power laser has stimu-
lated considerable work on multiple-photon photo-
conductivity in both semiconductors and insu-
lators.'~® In the work discussed here, a study
was made of changes in conductivity as a function
of intensity and pulse width.® The change in
conductivity as a function of intensity can be used
to determine A,, the basic parameter of multiple-
photon absorption, which is related to the ab-
sorption coefficient a =nkiwA,I""'. The experi-
ments just cited were performed with one laser
beam. More recently, two-photon photoconductiv-
ity using two laser beams was reported by Koren
and Yacoby.® They were not only able to measure
the change in conductivity as a function of intensity,
but also the change in conductivity as a function of
one of the laser lights. In the present paper we
present a theory for two-beam two-photon photo-
conductivity and use this theory to explain the
experimental results of Koren and Yacoby (KY).

When the excitation of a laser beam is not too
high, say below 20 MW /cm?, the experimental evi-
dence shows that the recently developed theory®:”
explains two-photon photoconductivity quite well.?+”
According to this theory, the change in conductance
for any type of excitation can be written

AG_=.<%)(ue+u,)eTfoL F(x) dx, (1)

where 4, and u, are the mobility of the electrons
and holes, respectively, and 7 is the lifetime of
the free carriers. Other variables occurring in
Eq. (1) are defined in Fig. 1, while F is any type
of generation rate. In the two-beam two-photon
case, the generation rate can be written in the
form’

W =F=ay,[I,(x)]%+a,[1,(0)]? +a,l,(x)],(x),

(2)

where I/, and I, are the intensities of the two laser
beams in the solid and where they satisfy the fol-
lowing differential equations:
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Equations (3) and (4) are nonlinear differential
equations, and they are very difficult to solve.
But in the case where 2%w, < E, and I, > I,, we
may ignore both the first term in Eq. (3) and the
second term in Eq. (4), giving

dal
71}15'0‘12[112”‘”1, (5)
dal
d—ﬁg—az,lllzh’wz . (6)

Coefficient a,, is related to the transition prob-
ability by the expression

W=a,l1,
- Z Z Z <flK1'5|m><"lIK25Il>
E,-E, -hw,
Ef By
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XO(E;~E;-hw, -hw,). (7

Equations (5) and (6) can readily be solved as

I%(1 - R)eMv21%12*

L) =T - By/c, oo = 1] ®
and
B If,_’(l—R)e"‘“2cl°‘12"
L&t masp/ege -1 ©
where
C,=(1-R)I?- (hw,/hw,)I3]
and
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In the case in which 1> #w,C,a,,L, Eq. (10) be-
comes

AG=a,T(a/c)ep, + 1)ISIX1 - R)?

I (current)

N X [L=1L2(1 - R)a,(Hw, 1% +Hw,19)] (1)

-

For a general band structure, «,, is very difficult
to evaluate. We shall therefore limit our work to
cubic crystals, whose wave functions for con-

duction and valence bands can be approximated by

laser light Kane’s wave functions® at £ =0:

conduction band:
Ve, = IS0, 9o, = iS™9)’;
valence band V;:

‘pvlz[(X_iY)']'/\/-zy vazz[(X+iY)*],/\/_Z’

.
=t — valence band V,:
1\ Yoy = )X =X H])/VE + G2,
I
Yoz = N[ (X +iX)4]'/V2 +(8)2(2"),
FIG. 1. Crystal geometry used in the derivation of (12)
Fa. @ b= BV (X = iXH])'/VE = (3)2(2M)
= (2\1/2[_ i ' A VT2 YR
C1=(hw,/M)C, g = (=GO EH/VE = YT
After substituting the intensities given in Eqgs. (8) and
and (9) into (1), we obtain ,
T e~i%972¢0s26’ €'%”2sinie’ I
T(a/c)e(p, + 1w, 11 - R)(e"w2C1%12F _ 1) - C .
AG = e p’"172 10 _e-i®2ginte’ ig'/2 1a/ ’
hos explio,Crag D Ho,y ) | et emsst et eosser |||
X cosf’ cos¢’ cosf’ sing’ -sinf’ X
Y| = | -sing’ cos¢’ 0 Y| , S’=S.
VA sinf’ cos¢’ sinf’ sing’ cosb’ Z

The angles 6/, ¢’ are the usual polar angles of the k vector referred to the crystal symmetry axes x, y,
and z with 9’ measured from z and ¢’ measured from x.
Substituting the wave functions given in Eq. (12) into (7), we obtain the following results for the coef-

ficient a,:
<e4><h2 1 1/2 1 )2 1 >2
) ) @) s

x { (mﬂ,l)“z(mu1 +Hw, - E‘,]l)a’2 {(2 - cos?6) <(1‘1le1)2 +-(%2)2> +<;ﬁ-—1u::><%172> (3 cos?6- I)J

29/2 2

<8|%lx>

1/2 - 3/2 E 1 _1_ 3 2 1 _l_><__1_> 2 ]
+(mcu2) (hw1+h'w2 Ecz) |:3 (ﬁw1)2+(h'w2)2 (2+3cos 0)+3 tiw, \Fiw, (11cos?6+3)

1\2 1 \? 2cos?*f
5 1/2 - 3/2 i
+ 2 (mcvs) (Fw, + 7w, E‘s) [(ﬁwl> + <ﬁw2> +ﬁw1 h’wJ ; R (13)
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where c is the velocity of the light, m is the mass
of a free electron, €,, €, are dielectric constants
of the medium, and

1/m ‘=1/mc+1/m‘,‘l (:=1,2,3),

cv

where m, , m, , and m, are the effective masses of
the holes in the valence bands V., V,, and V,,
respectively. The 9 in Eq. (13) is the angle be-
tween the two polarization vectors of the two lin-
early polarized beams.

Equation (13) is for the case where one linearly
polarized light beam interacts with another linearly
polarized light beam of a different frequency. For
the case where one or both of the light beams is
randomly polarized, one must average a,, over
the angles of the random polarized beams to ob-
tain a correct a,,, which we call (a,),. After
a few simple calculations it can be shown that in
both of these cases (a,,), can be obtained from
Eq. (13) by simply replacing cos26 by 3.
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FIG. 2. Comparison between the two-photon absorption
coefficient & as a function of #w, + Zw,, obtained from
the experimental results (points) of Ref. 9, and the the-
oretical results (line and crosses) of @ = Fw(a ) 4 I}
x(1—R), for iw;=1.17 eV, and for mg,, =0.34m (=1,2,
3).

Both of the light beams are randomly polarized,
in the experiment of KY. Hence, we have to use
(a,)4 in Eq. (10) for the photoconductivity

AG =K612(1 - R)z(nlhwxc)(axz)A
X [1=3L(1 = R)(ay,) s(hw I3 +hayl )], (14)

where
K=1(u,+u)Lla/c,

and 7, is the number of photons per cm?® with ener-

gy hw,.
The matrix elements

2

F)
(Slﬁa—x‘lx)

can be obtained from the experimental absorption
curve of Panizza® by assuming that at 7w, + 7w,
=4.2 eV and at IJ=15 MW/cm?, the measured ab-
sorption coefficient is equal to that obtained from
the equation a =7iw,(a;,),/2(1 - R), i.e.,

2

=1.2x107%, (15)

)
(Slﬁalﬁ

Using the matrix elements in Eq. (15), the theo-
retical plot of o as a function of #w, +%w, is shown
in Fig. 2, together with the measured absorption
curve.

Since the mobility and the lifetime of the car-
riers were not given in the work of KY, we have
lumped the lifetime-mobility product together and
determined it from the photoconductivity curve of
KY at 7w, +7w,=4.6 eV,
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FIG. 3. Comparison between the two-photon photo-
cunductivity AG as a function of #Aw, + Zw,, obtained from
the experimental results (®) of Ref. 6, and the theoreti-
cal results (circles) of Eq. (14), for I§=16 MW/cm?.
n=10%, and My, =0.34m(i=1,2,3).
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FIG. 4. Comparison between the two-photon photo-
conductivity AG as a function of the ruby laser intensity,
obtained from the experimental results (circles) of Ref.
6, and the theoretical results (solid line) of Eq. (14).
ny=10% photons cm™?sec™!, Fw;=1.17 eV, fiw,=2.6 eV
(dye laser).

K=10"%ecm?/V. (16)

In the experiments of KY, the dimensions of a,

¢, and L are, 0.4, 0.1, and 30x 10~ cm. There-
fore, (aL/c)=1.2x 1072 ¢cm. Using Eq. (15) to-
gether with K in Eq. (16), we have plotted AG as
a function of the sum of the wavelength of the two
laser beams, as a function of ruby light intensity,
and as a function of the dye laser intensity. (See
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FIG. 5. Comparison between the two-photon photo-
cunductivity AG as a function of the dye laser intensity
at two different wavelengths, obtained from the experi-
mental results of Ref. 6, and the theoretical results of
Eq. (14), given I} =16 MW/cm?, fiw,=1.78 eV. Case I
experimental (circles) and theoretical (solid line) for
Fw;=2.7 eV; and case II experimental (squares) and
theoretical (solid line) for Aw;=2.15 eV,

Figs. 3,4, and 5, respectively.)

Based upon the comparison between the theo-
retical results and those from measured values
for AG and «, the theory presented in the present
paper predicted the two-beam two-photon ab-
sorption and photoconductivity quite well for
choosing the constant K. The biggest error that
occurs in the present theory is a consequence of
the simple model used in evaluating the coefficient
a,,. Other errors arise from the fact that the
crystal used in this experiment is not really a
cubic crystal but a composite of both hexagonal
and cubic structures. Hence, the present theo-
retical work may be too idealized for such a crys-
tal structure.

Because of the simple band model used to calcu-
late a,,, the present theory cannot explain the
change in conductivity for 7w, +7w,> 4.6 V.

*Work performed under the auspices of the U. S. Atomic
Energy Commission,
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