Drag of carriers by photons under conditions of multiphoton
absorption of submillimeter radiation in p-type germanium
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An investigation was made of the drag of carriers by photons in p-type Ge subjected to high-power
submillimeter radiation under conditions ensuring multiphoton absorption representing several simultaneous
n-photon processes (n ~10) of comparable probability. It was found that variation of the illumination
intensity caused inversion of the sign of the drag current.

PACS numbers: 72.20.Ht, 78.20.Jq

Nonlinear absorption in p-type Ge under the action of function of I. The number N of n-photon absorption pro-
high-power submillimeter laser radiation was reported cesses making important contributions varies with the in-
in Ref.1. The nonlinearity of such absorption is asso- tensity of light.

ciated with simultaneous (and comparable) processes of

n-photon (n=1,2,3,...) intraband absorption involving di-
rect transitions between the heavy V; and light V, valence
subbands of germanium,i) so that the total absorption co-

Clearly, under the conditions favoring this process
all the photoelectric phenomena associated with intraband
absorption should change considerably. Therefore, we in-
vestigated the drag of carriers by photons under condi-

efficient is then ¥(©)= Eﬂ: k,(®)- The coefficient kn(w) in- tions of intraband'multiphoton absorption.

cludes contributions not only of those processes as a re-

sult of which n photons are absorbed, but also higher- EXPERIMENTAL METHOD AND RESULTS

order processes in which virtual transitions involve ab- Our radiation source was a high-power pulsed NH;
sorption of (n+ m) photons and emission of m photons. laser pumped optically by a CO, laser. The emission
These different n-photon absorption channels interfere wavelength was 90.55u and the pulsed duration was 40
and partly suppress one another, so that the coefficient nsec. The intensityIof the radiation reaching a sample
kn(w) is not proportional to the intensity of light I to the was 4 MW/cm?. We used the apparatus described in Refs:

power (n—1), in contrast to the situation in the lowest 1 and 2. Our p-type Ge samples had carrier densities from
order of perturbation theory, but is a complex oscillatory p=3-10%top= 10 cm~® and n-type Ge samples had 2
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FIG. 1. Dependences of the normalized drag emf on the intensity of the
radiation incident on a sam ple at 300 K: 1)-3) p-type Ge with hole den-

sities p = 3+ 10%, 10- 1014Sand 100- 10" em™ (1, 2, and 3, respectively);
4) n-type Ge with 5.5 10 em=S.

density of n= 5.5- 10 cm™ at 78 and 300 K. We investi-
gated the dependence of the longitudinal drag emf on the
intensity of the radiation reaching a sample.

The experimental results obtained for p-type Ge at
300 and 78 K are plotted in Figs. 1 and 2, respectively.
At relatively low radiation intensities the drag current
was opposite to the direction of propagation of lightz) and
was a linear function of the radiation intensity. An in-
crease in I altered the sign of the drag emf both at 300and
78 K. At 300 K the characteristic intensity Iy at which the
drag emf vanished was independent of the carrier density
and amounted to 0.3 MW/cm?® (Figs. 1 and 3), whereas at
78 K the value of I depended on the carrier density right
up to p ~10' cm™ and then the dependence disappeared
(Figs. 2 and 3). When the intensity was increased above
I, the dependence U(I) was readily approximated by a
quadratic function, but in the case of T = 78 K beginning
from a certain intensity I; we found that the nature of the
dependence changed from quadratic to nearly linear. The
value of I; increased on increase in the carrier density.
In the case of n-type Ge it was found that there was no
change of the sign of the drag emf at 78 or 300 K and the
effect was linear in respect to the radiation intensity.
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FIG. 2. Dependences of the normalized drag emf on the intensity of the
radiation incident on a sample kept at 78 K. The notation is the same as
in Fig. 1.
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FIG. 3. Dependences of the characteristic intensity I, on the density of
free carriers in p-type Ge. T (K): 1) 300; 2) 78.

DISCUSSION OF EXPERIMENTAL RESULTS

We shall base our qualitative analysis on Fig. 4,
which shows the structure of the valence band of Ge in a
plane parallel to the direction of propagation of the radia-
tion and passing through the point k = 0. The same figure
shows some of the possible direct n-photon optical transi-
tions between the V; and V, valence subbands of Ge sub-
jected to monochromatic radiation of photon energy hw (by
way of example, the transitions with n= 1, 2, and 3 are
shown). For each n-photon absorption process the ener-
gies of the initial states 81({1) and si(f'l) and the energies of
the final states 52(9) 5 82(9) of excited carriers are fixed and
governed by the value of nfiw in accordance with the laws
of conservation of energy and momentum. As pointed out
earlier, the number of n-photon absorption processes
making a significant contribution to the total absorption
depends on the intensity of the incident radiation. For ex-
ample, according to Ref. 1, if I=2 MW/cm?, then the con-
tribution of n-photon processes with n =13 is important.

It follows from Ref. 3 that the carrier drag current
is related to the transfer of the photon momentum to car-
riers and is a sum of four elementary currents in the
heavy and light valence subbands. These elementary cur-
rents are produced by optical transitions between the V,
and V, subbands and they are both parallel and antiparallel
to the direction of propagation of the incident radiation. In
general, the values of these currents and, consequently,
the value and direction of the total drag current in p-type
Ge depend on the energies of the initial 51;: " and final

SZ(P;" states of photocarriers and on the electron tempera-
’

ture Te- It therefore follows that each multiphoton ab-
sorption process gives rise to four elementary drag cur-
rents j}l‘) and since the number of such processes is N, the

FIG. 4. Optical transitions (X = 90.55 ) between the V, and V, valence
subbands of germanium under conditions of multiphoton intraband absorp-
tion.
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FIG. 5. Spectral dependence of the drag emf of p-type Ge at 300 K (Ref.
3). The dashed lines are the values of the drag emf at the wavelengths
corresponding to n-photon absorption processes (n = 1, 2, 3, ...).

total drag current is

=N =4
i= e where jo= D J%

n=1 =1
The magnitude and direction of each of the currents j, can
be estimated from the relevant spectral dependences of
the drag emf, found experimentally in Ref. 4 at relatively
low radiation intensities when the nonlinear processes are
unimportant (Figs. 5 and 6). We shall assume that the con-
ditions for the formation of the drag current j, as a re-
sult of n-photon absorption of radiation with the photon en-
ergy Hw are similar to the conditions for the formation of
the drag current when monochromatic light of photon en-
ergy nliw is absorbed.

We shall now consider the experimental data ob-
tained at T = 300 K (Fig. 1). At relatively low radiation
intensities the resultant drag current is governed by the
one-photon current and its direction is, in accordance with
the spectral dependence shown in Fig. 5, opposite to the
direction of propagation of the incident radiation. At suf-
ficiently high intensities of this radiation the contribution
made to the total absorption by n-photon processes with
n >1 becomes important. However, the sign of j, for n>1
is, in accordance with Fig. 5, opposite to the sign of j; and
the probabilities of the n-photon absorption processes
under these conditions are comparable. Consequently, the
total drag current changes its sign. The characteristic
intensity I, at which the drag emf vanishes is independent
of the carrier density (Figs. 1 and 3) because of the lin-
earity of the carrier-density dependences of all the com-
ponents of the resultant drag current. The near-quadratic
nature of the dependence U(D) in the range I >1I; is very
reasonable because in the investigated range of intensities
the total absorption coefficient can be approximated quite
accurately1 by the linear dependence on the radiation in-
tensity, whereas jp kp(wl.

We shall now consider formation of the drag current
at 78 K (Fig. 2). At relatively low radiation intensities
the drag current is still governed by the one-photon ab-
sorption process: the current is a linear function of I and
is directed opposite to the direction of propagation of the
incident radiation. When I is increased, it is found that,
as in the case of T = 300 K, that the processes of n-photon
absorption with n >1 become important and they make a
positive contribution to the total drag current (Fig. 6) con-
sequently, the sign of this current is reversed. However,
it follows from Fig. 6 that the positive contribution is
made only by the process with n= 2, whereas for n= 3,
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FIG. 6. Spectral dependence of the drag emf in p-type Ge at 78 K (Ref.
3). The chain curves represent schematically the change in the spectral
dependence on increase in the temperature of the hole gas: Tg, < Te, <
Te, (corresponding to curves 1, 2, and 3, respectively).

4,..., the value of jp is negative. This is true as long as
we ignore the heating of the hole gas because of energy re-
laxation of photocarriers as a result of hole—hole colli-
sions. An allowance for this process shifts the point of the
first spectral inversion toward shorter wavelengths? (chain
curves in Fig. 6) and this, in turn, increases the number
of n-photon processes making a positive contribution to
the total drag current. A further increase in the intensity
of the incident radiation (I >I;) reduces rapidly the num-
ber of n-photon processes making a significant contribu-
tion to the total absorpi:ion1 and, therefore, an increasing
role is plaved by n-photon processes corresponding to the
spectral range to the left of the first inversion point, i.e.,
those making a negative contribution to the total drag cur-
rent. Clearly, this circumstance is the reason for the
change in the nature of the dependence U(I) in the range
I>1 from quadratic to near-linear. We shall conclude

by noting that, according to our estimates, "bleaching" of
a one-photon transition because of depletion of the popula-
tions of the initial states occurs in ptype Ge at A = 90 p
and T = 78 K already when the hole density is p= 10% em™
and the radiation intensity is I<I; (I = 0.3 MWem?). This

3

!

i

process reduces the contribution of j; to the total drag cur- ’
rent and, therefore, equalization of the oppositely directed ;

one-photon and n-photon drag currents occurs at lower
values of the radiation intensity Iy. Therefore, the car-
rier-density dependence of I; is observed in the range p <
10% cm™? (Fig. 3).

In the case of n-type Ge the absorption observed in
the investigated range of intensities at room and nitrogen
temperatures is governed by "indirect" one-photon transi-
tions so that there are no singularities in the dependence
of the drag current on the intensity of the incident radia-
tion (Figs. 1 and 2).

1)By the n-photon process we mean a direct optical transition of a hole
from V; to V,, as a result of which its energy changes by nhy.

%In our experiments this direction of the drag current corresponded to 2
negative drag emf.
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