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Bumipani HeniniiiHi CNpUHAMAUBOCMT MPEemb0o20
nopaoky ;@ i xoeiuicum neniniiinozo noeaunanns ¢ InAs
n-muny 3 pisHum cmynenem nezyeéanns. Ompumani 3na-
yenns y~107 CI'CE icmomno nepesuwiyriomv 3nauew-
M, o0uuCaeni Ha OCHOBI MOOesi, WO ONUCYE HeTINIHY
CRPUIHAMIUGICMY eJIeKMPOHIB, AKI 3HAX00SAMbCA 6 Henda-
paboniuniii 3oni nposionocmi. Ioxasano, wo cnocmepe-
JHCYsana po3oidcHICMb YCY8aemvcs, AKW0 6 PO3PAXYHKY
epaxyeamu oucunauii enepeii enexmponie. 3pocmanns
epexmueHocmi npu HOMUPLOXXEUILOBII 63AEMO0IL 6 6Y3b-
KO30HHUX HANIGNPOGIOHUKAX 00MEIHCYEMbCA HeTUHIUHUM
NOZNUHAHHAM 63AEMOOIIOUUX X6UTIL

Kmouo6i coea: neninitina cnputinamausicns mpenvo-
20 NOPSOKY, HOMUPLOX XGUNLOBA B3AEMO0Isl, 8Y3bKOIOHHI
Hanienposionuxu, nopiz npo6oro

=, u |

H3zmepenovt nenunelinvie 860CNPUUMUUBOCMU Mpembe-
20 nopaoka y® u xoaQuuuenm nenuneiinozo nozno-
wenus 6 InAs n-muna c pasnoii cmenenvio nesupoga-
nus. Ionyuennvie snauenus y>=10" CI'CI cywecmeento
npesvuualom 3Havenusl, 6bIMUCTEHHbIE HA 0CHOBE MOOEU,
ONnUCHIBAIOWEN HeIUHEUHYI0 B0CNPUUMHUUBOCHTD ITIEKMPO-
HO08, HAX00AWUXCA 8 HENAPaABOIUMHOU 30HE NPOBOOUMOC-
mu. Iloxazano, wmo naéaroodaemoe pacxosicoenue ycmpa-
HAemCcs, ecau 6 pacueme yuecmv OUCCUNAUUIO IHEP2UU
anexmponos. Pocm appexmuenocmu npu uemvipexeon-
HOBOM 63AUMO0EiCMEUU 8 Y3KOIOHHBIX NOTYNPOBOOHUKAX
02PAHUMUBAEMCSL HEJIUHEUHBIM NOZTOUEeHIeM 63aumoodell-
CMEYWUX 60JIH
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1. Introduction

Nonlinear optical materials have numerous applications,
including photodynamic therapy, nonlinear photonics, 3D
optical data storage, frequency upconverted lasing, and
fluorescence imaging [1-5]. One of the most important
problems of applied nonlinear optics is the search for media
with possibly large values of nonlinear susceptibilities. In
this regard, semiconductors, as experiments have shown, are
among the most promising media [6, 7]. The large nonlinear-
ity of semiconductors basically comes from the fact that they,
with their relatively small bandgap E,, are characterized by
sufficiently low internal fields, which determine the couple

forces acting on optical electrons. Therefore, even not too
high laser fields should already provide a large contribution
to the susceptibility of nonlinear electronic polarization.

2. Literature review and problem statement

The study of cubic susceptibilities is the central problem
of nonlinear spectroscopy [8]. The effects due to the cubic
susceptibility are the basis of such methods of nonlinear
spectroscopy as two-photon spectroscopy, saturation spec-
troscopy and also allow solving such an important practical
problem as the correction of phase distortions by the four-




wave mixing method (FWM) [9]. In the mid-infrared (IR)
spectrum, where the most powerful and efficient lasers,
including the CO, molecule, operate, the implementation of
phase distortion correction by the wave front reversal meth-
od in four-wave mixing (WFR-FWM) with high efficiency
is of particular interest. While nonlinear properties of most
materials are studied in the visible and near infrared regions
of the spectrum [5, 10—12].

In the work [10], using large-sized single crystals of high
optical quality, the optical properties of Ba,TiSi,O4 were
systematically investigated, including transmission spectra,
refractive indices and nonlinear absorption properties over a
wide wavelength range from 340 to 2500 nm. In this exper-
iment, the magnitude of ¥® was about 10 (esu), it is most
likely related to electron cloud distortion [13]. The nonlinear
optical properties of two graphene derivatives, graphene ox-
ide and graphene fluoride, are investigated by means of the
Z-scan technique employing 35 ps and 4 ns, visible (532 nm)
laser excitation [14].

A study of nonlinear absorption in the infrared region
was also carried out in narrow-band conductors [15-18].
These studies have shown that, because of the large value of
linear and nonlinear absorption, semiconductors InSb
and Hg, Cd Te can not be used for reflection radia-
tion at four-wave mixing in a wide range of radiation

semiconductors (for example, Ge), noticeable reduction of
transmittance is observed in the radiation intensity even
lower than the breakdown threshold on the surface (Fig. 1).
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Fig. 1. Dependence of the transmittance 7 in samples of
InAs No. 1 and 3 (with various values of N,) on /at room
and nitrogen temperatures. The curves represent the values
calculated by (3)

Table 1

The main characteristics of the investigated samples InAs
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value of efficiency in four-wave interaction at a wave- 4 5.3 0.11 18 28 — 27 ] -

length of 10.6 um.

To achieve the aim, let us consider the following objectives:

1. Investigation of the physical mechanism of nonlinear
interaction in the InAs of the determining reflection in four-
wave interaction at a wavelength of 10.6 pm.

2. Identifying the parameters of nonlinear media influ-
encing the efficiency of reflection.

3. The study of the temperature dependences of these
parameters.

4. The measurements of breakdown threshold on the
surface and constants of the nonlinear absorption in InAs

In the given work, InAs samples have been studied with
various alloying degrees at room and nitrogen temperatures
(Table 1).

For the entire application range of semiconductors, it
is important to know the limit of their performance on the
intensity of laser emission. This limit is usually imposed
by the destruction threshold of the material. The source of
radiation in our work was a pulsed TEA CO, laser operat-
ing in the lowest-order transverse mode TEM,, mode. The
duration of the generation pulse was ~150 ns at half-height
of the front beam and approximately 1.5 ps at the base. The
measurements of the breakdown threshold on the surface of
all samples studied in our work showed that this value lies
within the range of 3+4-107 Vt/cm? As shown by transmit-
tance measurements in InAs samples unlike wide-bandgap

This transmittance decrease is reversible, manifests
itself at radiation intensity Ixz10° Vt/cm? and conditioned
by the processes of nonlinear absorption of radiation in the
researched semiconductors. Correlated values of the emis-
sion quantum of a CO, laser (Aw=0.117 eV) with bandgap
InAs (0.35 V) suggest that nonlinear absorption in them is
conditioned by the three-photon process.

To determine from the data on the transmittance of the
absorption constants, we will consider the problem of the de-
pendence of transmittance on intensity, taking into account
linear and nonlinear absorption. In the steady-state case, the
change in intensity with the propagation of light through the
semiconductors in the presence of three-photon absorption
effects can be written as follows

—dI = ad (x)dx +nI°(x)dx + 81" (x)dx, (1)

where auis the linear absorption coefficient, 1 is the three-pho-
ton absorption coefficient, 8 is the free hole absorption coef-
ficient appearing as a result of three-photon absorption. & is
connected with 1 in the following ratio:

) T
o_at )
n 3o

where ¢q is the absorption cross-section for the case of absorp-

tion by the free holes, 1 is the lifetime of the nonequilibrium
carriers. In A™MBY compounds, the absorption cross-section



by the free holes is so large [19] that even at moderate la-
ser emission intensities the second term on the right-hand
side of the equation (1) can be neglected. In this instance,
the expression for transmittance of the samples based on
three-photon absorption depending on the intensity of the
incident emission I, takes the form:
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where r is the Fresnel reflection coefficient on the sample
surface, [ is the sample length.

Comparison of the results of experimental studies
(Fig. 1) with the data of calculation by formulae (3) allows
determining the values of § directly. In view of the spread of
the experimental data for InAs, the following is obtained:

8=0.14%0.07 cm’ /MVt>.

5. Nonlinear reflection in degenerate four-wave mixing

Four-wave mixing is the nonlinear process, in which
the mixing of three waves in a nonlinear medium serves to
generate a fourth wave (Fig. 2). The mechanism for the ap-
pearance of an inverted wave in such a scheme is most simply
explained on the basis of a holographic interpretation of
WFR [20]. Let an arbitrary wave E,(r) be incident on a non-
linear medium which needs to be reversed, and a reference
wave E (r) with constant amplitude over the cross-section. If
the waves E,(r) and E,(r) are coherent, then they record the
interference perturbations of the dielectric constant (holo-
gram) in a nonlinear medium.

E ) E2
1
E3
‘//-_//
E4
L 1
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Fig. 2. A four-wave mixing scheme. 1 — nonlinear medium,
E,, E, — reference waves, E; — signal wave,
E, — reflected wave, /— length of medium

If we illuminate this hologram from the opposite side by
the wave E,(r) that is exactly counterpropagating to the ref-
erence wave E,(7) such that E,(r)=E, (r), the hologram will
reconstruct the reversal wave

E,(r)=const- E,(r)E,(r) E;(r) = const:| E, |* E;(r).

In a volumetric nonlinear medium, an interference pattern
may also be written by the waves E,(r) and E,(r) and read by
the wave E,(r) with the reconstruction of the same wave E, (7).

In this conventional scheme of WFR-FW M, the reflec-
tion coefficient R of the wave E, into the wave E, due to the
intensity is connected with x® by the relation [20]:

R=|E, / E,=|(4mw / cn)yVEE, (P, )
where ¢ is the speed of light in a vacuum, # is the linear

refractive index, E,, E, root-mean-square field strengths of
reference waves, [ is a length of the medium. In case when the

medium has a linear (o is the linear absorption coefficient on
intensity) and nonlinear (y,J"" is the nonlinear absorption
coefficient on intensity) absorption under the condition
v,J" " <<o and in Born’s approximation for R, the expres-
sion can be obtained [21]
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where

o, = a+y,J"".
Here v, is the constant of n-photon absorption,

nox®
cn

M=

is the constant characterizing the nonlinearity of the medium.

From this expression, it follows that when only the linear
absorption is taken into account, the dependence R= f(I,)
must remain quadratic. The appearance of nonlinear absorp-
tion leads to growth restriction of R depending on I, while
for large I, it should lead to its decline.

The results of measurement of the dependence of R on I;
in InAs samples have been shown in Fig. 3. With the growth
of I,, R in both samples first increases quadratically, then R
reaches a maximum value and decreases.
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Fig. 3. Dependence of R on | in samples of InAs No. 1 and 3
at room and nitrogen temperatures. The curves represent the
values calculated by (5)

6. The experimental determination of the third-order
nonlinear susceptibility of InAs

The constant M, which characterizes the nonlinear
coupling of the interacting waves, was determined for each
sample from the formula (5) from the data on the measure-
ments of the dependence of R on I, at small values of I, when
nonlinear absorption can be neglected and a quadratic de-
pendence of R on I, is observed

M=%. (6)
2 (1-e)

It is known that the bandgap in the majority of semicon-
ductors (these include InAs) increases with a drop in the
temperature T [19]:



aT?
b+T’

E(T)=E,(0)- (N

Here E,(0) is the bandgap when 7=0 K, a and b are con-
stants. In InAs £,(0)=0.426 ¢V and the corresponding value
E, (300 K) is 0.35 eV (=3hw,). Thus, by cooling InAs

(a=3.16-10"" ;—V, b=93 K) to, for example, liquid nitrogen
e

temperatures, E, (T=77 K) compared to E, (300 K) increases
to 0.41 eV, which significantly exceeds 3hw, i.e., nonlinear
absorption in InAs with a reduction in temperature may
decrease noticeably.

Linear absorption in semiconductors is also a function
of temperature, but the relation between o and T is highly
dependent on the emission absorption mechanism. In case
if absorption is caused by crystalline defects and foreign
impurities, a practically does not depend on T. If absorp-
tion is due to free carriers, the relation between o and T is
determined by the free carrier scattering mechanism [22]
and practically for all scattering mechanisms a drops with
a drop in temperature. The influence of the temperature on
a and v, in InAs was investigated experimentally in samples
No. 1 and 3. The results of the study of InAs sample No. 1
show that its linear absorption does not change with a drop
in temperature (a=1 cm™). At the same time, the intensity of
incident emission at which nonlinear absorption consider-
ably manifested, increases from ~1 MVt/cm? at 7=300 K to
~4+5 MVt/cm? for T=77 K. The obtained results prove that
linear absorption in this sample is conditioned by crystalline
defects and foreign impurities. The reduction in nonlinear
absorption is connected in this sample with an increase in
the bandgap with a drop in temperature.

In contrast to sample No. 1, a noticeable drop (approxi-
mately 2 — fold from 8.4 to ~4 cm™) in linear absorption was
revealed in sample No. 3. The intensity at which nonlinear
absorption noticeably changes the transmittance of the
sample with a drop in temperature also drops significantly.
The observed variation in a with temperature in sample
No. 3 is in good agreement with the theoretical dependence
of emission absorption by free electrons on the temperature
in the semiconductors [22]. Immutability of the nonlinear
absorption constant in InAs sample No. 3 was unexpected.
The reason for this effect, apparently, is due to the fact that
donor impurity near the bottom of the conduction band
with a sufficiently high concentration forms an impurity
band. Its distance from the valence band is E,, <3ho,
and has a weaker temperature dependence than E,. There-
fore, the nonequilibrium hole generation process in doped
InAs can remain a three-photon process conditioned by the
three-photon transfer of electrons from the valence band
to the impurity band. It can be seen from Table 1 that a
significant reduction in R with the drop in temperature in
sample No. 1 is connected with the reduction in the con-
stant M characterizing the nonlinearity of the medium by
a factor of 5.5. In sample No. 3, M, vice versa, increased by
a factor of 2.5 which together with the two-fold drop in the
linear absorption caused an increase in R in InAs by a factor

of ~30 (Fig. 3). The values of x®=-"2M obtained from the
w

experimental data in InAs significantly exceed the values of
¥®in these semiconductors caused by the anharmonism of
the motion of bound electrons (Table 2). On the other hand,
it can be argued that the observed reflection by FWM is not
connected with the generation of free carriers in three-pho-

ton absorption in InAs. Otherwise, instead of the observed
quadratic dependence of R on I, R~I? in InAs would be
observed. The contribution of the thermal nonlinearity
mechanism to R, as evidenced by estimates, is insignificant
(<0.05 %). Thus, it can be assumed that the primary mech-
anism responsible for reflection in FWM in such semicon-
ductors is the nonparabolic shape of the conduction band.
Calculations of ¥ conditioned by the nonparabolic shape of
the conduction band in semiconductors were carried out in
classical work [23]. In Fig. 4, the dots represent the experi-
mental data of x® obtained for various values of N, and cor-
responding values of %{%) in InAs calculated in theory [23].
As it is shown in Fig. 4, the experimental values of y® differ
significantly from %) and the increase in ¥® as a function
of N, is not monotonic, as it should follow from the theory.

XY esu 4
107 | /Lv
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Fig. 4. Dependences of x® in InAs on the concentration of
free electrons N, (the solid curve represents the calculation
from [9])

At low carrier concentrations (N,<$3:10' cm™), the ratio
x® /43 is ~20+30 and with an increase in N, it drops, and
when N,z1.6-10'" cm, this ratio is 4+6. The maximum value
of ¥®=2.5107 esu in InAs was observed in a sample with
N,=3-10" cm™.

7. Discussion of the results of investigating the mechanism
of the third-order nonlinear susceptibility in InAs

The observed difference of the measured values of ¥®

and x>, may be related to the following fact. The current
scheme for calculating nonlinear optical susceptibilities is
based upon an expansion of the density matrix of a system
consisting of the matter and the electromagnetic field into
a series in terms of perturbation theory. For electron polar-
ization, the expansion parameter in perturbation theory is
E/E,. In this case, the change in the distribution function of
the electrons in the system is neglected.

Accounting for the change in the distribution function, for
nonlinear optical degenerate effects in the expansion of polar-
ization in terms of the field powers results in parameters other
than E/E, and even significantly exceeding it. It is these pa-
rameters that give rise to the significant and even “giant” non-
linearities in the interaction of emission and matter. Therefore,
significant nonlinearities can be observed in the response of the
matter to macroscopic changes introduced under the field ac-
tion (the generation of current carriers in the semiconductors,
absorption saturation, changes in the system of energy levels,
etc.) and accompanying irreversible changes in the system.

In particular, the study [24] demonstrates that ac-
counting for the energy dissipation of free electrons due to



interaction with the crystalline lattice, impurity ions, etc.,
the nonlinear susceptibility conditioned by the nonparabolic
shape of the conduction band in degenerated FWM can con-

siderably exceed %%

T
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where 1, is the momentum relaxation time, t, is the energy
relaxation time.

Table 2 shows experimentally measured values of y® and
12 for the corresponding N,. From the ratio of these quan-
tities, the values of t,/1, have been determined. The values of

calculated from the mobility data p, and also the values of 1,
determined from the data on 1,/1, and t, are presented.

Table 2
@

Experimentally measured values of ® and ., for samples
with various degrees of doping

N,, cm? 101 31016 16107 | 53107

@ esu | 101107 | 252107 | 072107 | 121107

A esu | 49107 810 17108 | 22-10%
T/ 103 15.8 2.1 2.7
T, ps 0.8 0.65 0.4 0.2
T, ps 8.2 103 0.8 0.54

The obtained data 1,7, and 1, in InAs coincide in or-
der of magnitude with the characteristic values of these
quantities in semiconductors [22]. Scattering mechanism
of carriers (ionized impurity scattering, dislocations, optic
and acoustic vibrations, etc.) is significantly affected by the
relaxation time 7, and 1,

The table shows that with an increase in electron con-
centration (and correspondingly concentration of impurity
ions), the momentum relaxation time T, decreases. Such a
behavior of 1, depending on N, indicates that an increase in
the impurity concentration enhances the scattering effect.
The observed dependence of t,/7, on N, is apparently related
to the fact that t, decreases with increasing N, more rapidly
than 1,

It is known that the band structure in InAs is well de-
scribed by the Kane model [22] and the conduction band
structure can be described as

Wk k!
E k T T T 8
() 4m, 4(me)2Eg ®)

where £ is the wave vector of an electron. According to this
expression, the major contribution to the nonlinear suscepti-
bility x® caused by the nonparabolic shape of the conduction
band is given by electrons with large k. With decreasing
temperature, the number of such electrons decreases, and
electrons accumulate at the bottom of the conductivity
zone near the minimum (for £=0), where the second term in
the expressions (8) is negligible. Apparently, the observed
decrease in the sample ¥® with N,~2-10'¢ cm® at 7=77 K
relative to y® at 300 K is due to this circumstance insofar
as at T=77K the effective density of states in the conduction
band N,;~2:10" cm® and the accumulation of all electrons
near the minimum of the conduction band by the Pauli
principle are still not forbidden. With increasing N,, the
accumulation of electrons in the region k, where the second
term is insignificant, is hampered in accordance with the
Pauli principle. It can, therefore, be expected that for large
N,, the decrease in y® with temperature will not be as strong
as for N,~2-10' cm™. Indeed, as experiments have shown,
in the sample with N,~1.6:10 cm?, ¥® not only did not
decrease, but even increased. This growth, apparently, is due
to the fact that the thermal velocity of the charge carriers
decreases with a decrease in temperature of the crystal. In
the case, when the main mechanism is scattering by impurity
ions, a decrease in the thermal velocity of carriers leads to an
increase in the interaction of charge carriers with ionized im-
purity atoms, since the duration of the interaction increases
and decreases 1,.

8. Conclusions

As a result of the research:

1. It is shown that the narrow-gap semiconductor InAs
has a high value of nonlinear susceptibility y®=107 esu and
allows getting the high efficiency of four-wave mixing.

2. It is determined that the primary mechanism responsi-
ble for reflection in four-wave mixing in such semiconductors
is the nonparabolic shape of the conduction band.

3. Nonlinear absorption is the main limiting factor in
the growth of reflection efficiency in four-wave mixing with
increasing radiation intensity.
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