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OPTICAL ABSORPTION IN SEMICONDUCTOR NANOWIRE MEDIATED
BY ELECTRON-POLAR OPTICAL PHONON AND SPIN-ORBIT
INTERACTIONS

T. K. GHUKASYAN

Chair of Solid States, YSU, Armenia

The intrasubband and intersubband absorption of light by free charge car-
riers in a semiconductor nanowire upon scattering by polar optical phonons
mediated by Rashba and Dresselhaus spin-orbit interactions has been studied.
The dependence of the absorption coefficient on the energy of the incident
photon is investigated by counting the transitions between different conduction
subbands. It is shown that the spin-orbit interaction leads to an increase in the
coefficient of intrasubband and intersubband absorption of light, with the peaks
of the absorption coefficient being determined by the energies of the absorbed
photon and the absorbed or emitted phonon. In this case, the difference between
the values of the absorption coefficients with or without spin-orbit interaction
has maximum in the range of the local minimum of the absorption coefficient
obtained by ignoring the spin-orbit coupling.
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Introduction. The study of the optical absorption coefficient (AC) with free
carriers both in bulk semiconductors and in low-dimensional semiconductor struc-
tures makes it possible to determine the possible scattering mechanisms of free
carriers [ 1] using the dependence of the optical absorption coefficient on temperature,
the characteristic dimensions of low-dimensional structures, the intensity of external
fields, etc.

The quantum theory of free carrier absorption (FCA) in bulk semiconductors for
different scattering mechanisms is given in [2, 3]. FCA has been studied theoretically
in semiconductor quantum wells (QW) and quantum well wires(QWR) when the
electrons are scattered by acoustic phonons [ |,4-9], optical phonons [6, 10—14], and
by other lattice imperfections.

* E-mail: tigran.ghukasyan@ysu.am


https://doi.org/10.46991/PYSU:A/2022.56.3.116
tigran.ghukasyan@ysu.am

OPTICAL ABSORPTION IN SEMICONDUCTOR NANOWIRE ... 117

Spin-orbit coupling is a useful tool for controlling and manipulating spin degrees
of freedom in solid-state systems [15]. In low-dimensional semiconductor structures,
two types of spin-orbit coupling (SOC) are distinguished, which essentially depend
on the size and shape of the nanostructure. The strength of the SOC associated
with the asymmetry of the confining potential (Rashba SOC) [16] depends linearly
on the momentum 7k and is proportional to the magnitude of the applied electric
field. Therefore, it can be controlled by an external gate voltage [17-20]. The SOC
arising from the inversion asymmetry in a bulk crystal is called Dresselhaus SOC and
has both a k-linear and a k-cubic terms [21]. The influence of the SOC on electron
states [22—33] and related phenomena [34—39] in QWR have been successively studied
experimentally and theoretically.

In this paper, for the first time, we take into account the simultaneous effect
of the SOC and the confinement of polar optical phonons on the intrasubband and
intersubband absorption of light in a nanowire. It is expected that the theoretical
studies of both effects can be used for the potential applications of nanowires in
high-speed-field devices.

Theory. We consider optical absorption in a cylindrical nanowire (NW) with
radius rp and length L (rop < L) in an electric field F' being perpendicular to the NW
axis. It is assumed that the NW is made of a polar semiconductor material with static
and high frequency dielectric constants & and &, respectively, and is embedded in
a non-polar medium with dielectric constant &;. The confinement of the electron is
modeled by the parabolic potential V = m* a)gr2 /2, where m* is the effective mass of
the electron and @y is the potential frequency.

In [40] an expression for the free-carrier AC is obtained for the case when the
radiation field is polarized parallel to the wire axis:
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where n, is the refractive index of the material, g = €2 /hic is the fine-structure
constant, Q is the frequency of the incident light, n =n' = 0,1,2,..., m=m' =
=0,£1,£2,..., u = £1 are the quantum numbers of the electron, ¢ is the set of
quantum numbers for a j-type phonon with o = (g,/,s) for j = CO (confined optical)
and ¢ = (g,/) for j = IO (interface optical), respectively, ¢ is the component of
the phonon wave vector in the direction of nanowire axis. Nj is the equilibrium
Bose-Einstein distribution function for polar optical phonons:
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T is the temperature of the wire, ha)é is the energy of a j-type phonon [41],
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and [;(x) and K;(x) are the first and second kind modified Bessel functions,
respectively. The distribution function f},,, (k) is given by
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where N, is the linear concentration of electrons in the wire, @ and 3 are Rashba
and Dresselhaus parameters in the absence of an applied electric field, respectively.
The electron wave vector in case of the phonon absorption (k) and emission (k) is
given by
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where
Ep =hax (2n—2n" + |m| — |m'|) (7
is the difference between the initial and final energy levels. gf;}i,ﬂm in Eq. (1) is given
by '
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L|nm‘(p) are the generalized Laguerre polynomials, rp = eF / (m* @) and ‘1"{, (r) ‘2
characterize the electron-phonon interaction strength [41].

Numerical Results. The intersubband AC in the NW is influenced by the
spatial confinement, the electric field as well the Rashba and Dresselhaus SOC
parameters. The main aim of this section is to clarify the role of each of the above-
mentioned factors in determining the total AC.

Calculations have been performed for a free standing CdSe quantum wire with
physical parameters m* = 0.13mq (mg is the electron mass), & = 9.56, &, = 6.23,
hopo = 26.46 meV, hwro =21.36 meV and oo = B =4.5-10"%V - cm.
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Fig. 1. (Color online) AC as a function of photon energy, iQ, at T =300 K, F =1 kV /cm
and rop = 10 nm. (a) The dash-dotted (blue) line shows the contribution of the IO phonons
in the AC, the dashed (red) line shows the contribution of CO phonons in the AC, while the
solid (green) line corresponds to the total AC. (b) The dashed (red) line corresponds to the
intrasubband transitions, the dash-dotted (green) line corresponds to Eg — Eo,; transitions,
the dotted (blue) line corresponds to the transition Eyo — E7 ¢ while the line with points
(yellow) corresponds to transitions Ep g — E 1.
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Fig. 2. (Color online) AC as a function of photon energy 7Q at T =300 K, F = 1 kV /cm,

ro = 10 nm, with taking into account and neglecting the SOC. The inset shows the relative

AC, Aty = (Y= 20)/10-

The contributions of CO and IO phonons in the total AC is presented as a
function of photon energy (Fig. 1 (a)). It can be seen that the contribution of 10
phonons in the total AC prevails over CO phonons, which is a consequence of the small
radius of the wire. The inset of Fig. 1 (a) shows the relation of IO and CO phonon
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contributions (¥;0/Yco)- Three distinct peaks are observed at photon energies 18 meV,
27 meV and 38 meV. The first two peaks are the result of phonon assisted intrasub-
band transitions, while the third peak coincides with the phonon assisted transition
Eo o — E1,, because the transition energy is determined by AE(I)_’(()) +hw; =37 mevV.
This indicates that for the Eyo — Ej transition the emission of 10 phonons is
favored. The contributions of intrasubband and intersubband transitions are presented
in Fig. 1 (b). It can be seen that the transitions to the lower energy subbands have
more significant contributions in the total AC relative to transitions to the higher
energy subbands, meanwhile the intrasubband transition leads to the most significant
contribution. It should also be noted that each of the considered transitions has peaks
at energies corresponding to phonon-assisted transitions, which, however, do not
appear in the total AC due to their relative smallness.
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Fig. 3. (Color online) AC as a function of photon energy iQ at T =300 K, F = 1 kV /cm
for wire radiuses ryp = 7.5 nm ((a) and (c¢)) and ro = 5 nm ((b) and (d)). (a) and (c) show
the contribution of IO and CO phonon interactions in the total AC, while in (c) and (d) the
contribution of different subband transitions are presented.
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Fig. 2 shows the dependence of the AC on the photon energy both taking
into account and neglecting the SOC. An increase in the AC can be observed for all
transitions when the SOC is taken into account. In the inset of Fig. 2 we present
AYet = (Y— %)/ %- It can be seen from the inset that Ay reaches its maximum at the
local minimum near the AC peak.
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Fig. 4. (Color online) AC as a function of photon energy 7Q at T = 300 K, ro = 10 nm for
electric field strengths F = 5 kV /cm((a) and (c)) and F = 10 kV /cm ((b) and (d)). (a) and (c)
show the contribution of IO and CO phonon interactions in the total AC, while in (c) and (d)
the contribution of different subband transitions are presented.

Additionally, we have studied the AC of a nanowire as a function of photon
energy for wire radii ro = 7.5 nm and ry = 5 nm (Fig. 3). The contribution of 10 and
CO phonons as well as their ratio ¥;0/Yco (inset) is presented in Fig. 3 (a) and (b),
while Fig. 3 (c) and (d) show the contributions in AC due to transitions between
different energy subbands. It can be seen in Fig. 3 (a) and (b), that decreasing the wire
radius leads to an increase in the AC, both for IO and CO scattering. It is also worth
mentioning that in these cases too, three distinct peaks are observed for the ratio of 10
and CO contributions. The energies for the first two peaks are the same as in case of
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ro = 10 nm, while the energy of the third peak varies with the wire radius, remaining
equal to the Ey g — E o transition energy. Furthermore, the AC curves obtained for
electronic transitions between different subbands (Fig. 3 (c) and (d)) move away from
each other with a decrease of wire radius which is a consequence of an increase of
intersubband energies.
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Fig. 5. (Color online) AC as a function of photon energy #Q at F = 1 kV /cm, ro = 10 nin
for temperatures 7 = 200 K ((a) and (c)) and T = 100 K ((b) and (d)). (a) and (c) show
the contribution of 10 and CO phonon interactions in the total AC, while in (c) and (d) the
contribution of different subband transitions are presented.

We have also studied the AC for electric fields with strengths F =5 kV /cm
and F = 10 kV /cm (Fig. 4). As above, the contributions of IO and CO phonons
and their ratio Y0/Yco, as well as the contributions in AC due to transitions between
different energy subbands are calculated. It is evident that the increase of the electric
field strength leads to an increase in the ratio ¥;0/Yco. This is a consequence of
the fact that an increase of the electric field strength shifts the peak of the electron
density distribution to the wire surface. In particular, the contribution of 10 phonons
is about 15 times greater than the contribution of CO phonons at 7 = 300 K and



OPTICAL ABSORPTION IN SEMICONDUCTOR NANOWIRE ... 123

ro = 10 nm. It is interesting to note, that an increase of the electric field strength more
significantly increases the contribution to the AC due to transition from subband Ey o
to the subbands with m = 1 than from E  to the subbands with m = 0.

Finally, in Fig. 5 the AC as a function of photon energy is presented for tem-
peratures 7 = 100 K and 7" = 200 K. It can be seen that the decrease of temperature
leads to a decrease in the AC. This is a consequence of the decrease of the average
number of 10 and CO phonons. Furthermore, at 7 = 100 K and 2 = 1 meV a peak
in the AC is observed, corresponding to phonon assisted transitions. The appearance
of the peak with decreasing temperature indicates that it is caused by scattering on 10
phonons, as their average number relatively increases with decreasing temperature.

Conclusion. In conclusion, the numerical calculations of the intersubband
optical absorption of light in a semiconductor nanowire due to electron scattering by
confined polar optical and interface polar optical phonons and taking into account the
spin-orbit coupling were carried out. Both separately and in total, the contribution of
electron scattering by both confined and interface optical phonons is presented in the
dependences of the absorption coefficient on the photon energy. The roles of the wire
radius, temperature and electric field strength have been studied. It has been shown
that:

(i) the contribution of IO phonons in the total AC prevails over CO phonons,
which is a consequence of the small radius of the wire;

(ii) the transitions to the lower energy subbands have more significant contribu-
tions in the total AC relative to transitions to the higher energy subbands;

(iii) the first two peaks in the ratio %0 /Yco correspond to intrasubband transi-
tions, while the third peak corresponds to the phonon assisted Ey g — Ej o transition;

(iv) decreasing the wire radius leads to an increase in the AC, both for 10 and
CO scattering;

(v) an increase in the electric field strength more significantly increases the
contribution to the AC due to transition from subband Ey o to the subbands with m = 1
than from Ey o to the subband with m = 0 and

(vi)at T =100 K and /€2 = 19 meV a peak in the AC is observed, corresponding
to phonon assisted transitions

We expect that the obtained results will be useful for further study of optical
phenomena in a nanowire considering both the spin-orbit coupling and phonon
confinement.
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S. 4. N1.NFYUUsUL

ELEUSACL-ABUEAUSPL ONSPUULUL HALAL BU UNhL-NFBOCUSHL
PNUQYESNFE-SAFLLEBEANY. MUSUTUWLUINMIUS OMShuUGUL UITLNAFY
YhUUNUNNMIQUSPL LUWLNIUCNFT

Mumdbwuhpyty E jhuwhwnnpnswhtt twbnpupnd (nyup otpbopugnpu-
Jht b dhotpugnpuyht Yruimudp, wwyiwbwynpuwd wquup thgpwyhpbbph
pltinwihb oupphjuud $nbntbtiph ypw gpnudtpny U Qrwppwjh b dpliubijhwniuh
uuhb-ninbtdpwyht thnjuwgntignipymbbtpn: Ntypugnypyly E jubdwh gnpdwligh
Juiunuip p@ybtnn $mpnih tobpghwihg hwnnppujuimput quppbp Ghpugn-
phbtiph dhot wmbagnmuititiph hwpyweduwdp: 8nyg £ wppyb, np uyghb-mnbdpuyht
thnjuwgntignieynip hwbgligind £ jnyup bbiptbpugnpuyht b vhetipuwgnpuyhb
Jrubdwb gnpdwlgh wédh, hul jrubdwd gnpdwlgh whitipp npnpynd Go Juindnn
$nypntth b Jubyng Jud wewpynn $nbnbh thtipghwbttiph dhongny: Con npnud,
uyhb-mnbdpwyhtt thnppwgnbgnpyut hwpgquwniwdp jud wiptudwdp Jubdwb
gnpdwljhghtiph wpdbpttph puppbipn)nbp wowy bpugmgh E jjuidwh gnpdwygh’
uyhb-mntdpwyht hnfuwgntignipui wpiudwdp uvpugywd phinuyht dhthuinuth
phpnyeniy:

T. K. TYKACAH

OIITUYECKOE IIOIVJIOINEHNE, OBYCJ/IOBJIEHHOE
SQJIEKTPOH-IIOJIAPHBIM OIITHNYECKNM ®0OHOM
1 CHNH-OPBUTAJIbHBIMI B3ANMOJIENCTBUSIMN
B MOJIYIIPOBOAHNKOBBIX HAHOIIPOBOJIOKAX

Uccnemosano BHYTPUTIOA30HHOE W MEXKITOT30HHOE TTOT/TONEHIE CBETa, CBO-
BOMHBIMY HOCUTEJISIMU 3P/ B MOy IIPOBOIHIUKOBOI HAHOTIPOBOJIOKE IIPU Pac-
CeTHUM Ha, MOJISIPHBIX ONTHIECKUX (DOHOHAX, OTIOCPETOBAHHOE CIIHH-OPOUTA/Ib-
HbIME B3aumojieiictBusimu Pambsr u Jpeccenbxayca. 3aBucumocts koddbdu-
TIUEHTA TOTJIOIEHNST OT SHEPTUH MATA0IIEr0 (DOTOHA WCCIEAOBAHO TYTEM TO-
cyeTa IEPEX0/I0B MeXK/1y Pa3/IudHbIMU 10 30HaMu npoBojpuMocTtu. lloxkazano,
9TO CHUH-OPOUTAIBLHOE B3aMMOACHCTBUE HPUBOAUAT K YBEIUdeHUWIO KO3h]pu-
IIMEHTa BHYTPUIIOA30HHOIO0 U MEXKIIOJ30HHOrO IOTJIOIIEHNsI CBETA, IPU ITOM
K KoM OUITIEHTA TOT/IOMIEHUST OTIPEIEISIIOTCS SHEPTUSIMU TTOTJIONTEHHOTO
¢doTOHA U TTOTJIOIIEHHOTO WU U3/1ydeHHoro honona. Ilpu 3ToM paszHuIia MEXK Iy
3HAYEHUIMN KO3 PUITHEHTOB MOTJIOMEHUs ¢ YIETOM M 0e3 ydera CIUH-0pOu-
TAILHOTO B3aUMO/IENCTBIS NMeEeT MAKCUMYM B 00,TaCTH JIOKATBHOTO MUHIMYMa
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K03 durimenTa MOTJIOMIEHN, TOJYIE€HHOTO [PW WTHOPUPOBAHUU CIUH-OPOU-
TAJLHOTO B3aMMOJIEHCTBUSI.



