University of South Carolina

Scholar Commons

Faculty Publications Electrical Engineering, Department of

10-31-2005

Terahertz Studies of the Dielectric Response and Second-Order
Phonons in a GaSe Crystal

B.L.Yu

F. Zeng

V. Kartazayev
R. R. Alfano

K. C. Mandal
University of South Carolina - Columbia, mandalk@engr.sc.edu

Follow this and additional works at: https://scholarcommons.sc.edu/elct_facpub

Cf Part of the Electrical and Electronics Commons, and the Optics Commons

Publication Info

Published in Applied Physics Letters, Volume 87, Issue 18, 2005, pages 182104-1-182104-3.

© Applied Physics Letters 2005, American Institute of Physics

Yu, B. L., Zeng, F, Kartazayev, V., Alfano, R. R., & Mandal, K. C. (31 October 2005). Terahertz studies of the
dielectric response and second-order phonons in a GaSe crystal. Applied Physics Letters, 87(18),
#182104.

http://dx.doi.org/10.1063/1.2093944
http://scitation.aip.org/content/aip/journal/apl/87/18/10.1063/1.2093944

This Article is brought to you by the Electrical Engineering, Department of at Scholar Commons. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of Scholar Commons. For more
information, please contact digres@mailbox.sc.edu.


https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/elct_facpub
https://scholarcommons.sc.edu/elct
https://scholarcommons.sc.edu/elct_facpub?utm_source=scholarcommons.sc.edu%2Felct_facpub%2F203&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/270?utm_source=scholarcommons.sc.edu%2Felct_facpub%2F203&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/204?utm_source=scholarcommons.sc.edu%2Felct_facpub%2F203&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org/10.1063/1.2093944
http://scitation.aip.org/content/aip/journal/apl/87/18/10.1063/1.2093944
mailto:digres@mailbox.sc.edu

AI P Applied Physics
\ Letters
Terahertz studies of the dielectric response and second-order phonons in a GaSe

crystal
B. L. Yu, F. Zeng, V. Kartazayev, R. R. Alfano, and Krishna C. Mandal

Citation: Applied Physics Letters 87, 182104 (2005); doi: 10.1063/1.2093944

View online: http://dx.doi.org/10.1063/1.2093944

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/87/18?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Response to “Comment on ‘GaSe1-xSx and GaSe1-xTex thick crystals for broadband terahertz pulses
generation” [Appl. Phys. Lett. 100, 136103 (2012)]

Appl. Phys. Lett. 100, 136104 (2012); 10.1063/1.3698458

GaSe1-xSx and GaSe1—-xTex thick crystals for broadband terahertz pulses generation
Appl. Phys. Lett. 99, 081105 (2011); 10.1063/1.3617438

Erratum: “Terahertz studies of the dielectric response and second-order phonons in a GaSe crystal” [Appl. Phys.
Lett.87, 182104 (2005)]
Appl. Phys. Lett. 88, 159902 (2006); 10.1063/1.2194647

Terahertz dielectric properties of high-resistivity single-crystal ZnO
Appl. Phys. Lett. 88, 021103 (2006); 10.1063/1.2164903

GaSe crystals for broadband terahertz wave detection
Appl. Phys. Lett. 85, 863 (2004); 10.1063/1.1779959

Applied Physics
Letters

Meet The New Deputy Editors



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/935170135/x01/AIP-PT/APL_ArticleDL_021115/AIP-2394_APL_1640x440_Deputy_editors.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=B.+L.+Yu&option1=author
http://scitation.aip.org/search?value1=F.+Zeng&option1=author
http://scitation.aip.org/search?value1=V.+Kartazayev&option1=author
http://scitation.aip.org/search?value1=R.+R.+Alfano&option1=author
http://scitation.aip.org/search?value1=Krishna+C.+Mandal&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.2093944
http://scitation.aip.org/content/aip/journal/apl/87/18?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/13/10.1063/1.3698458?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/13/10.1063/1.3698458?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/8/10.1063/1.3617438?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/15/10.1063/1.2194647?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/15/10.1063/1.2194647?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/2/10.1063/1.2164903?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/6/10.1063/1.1779959?ver=pdfcov

APPLIED PHYSICS LETTERS 87, 182104 (2005)

Terahertz studies of the dielectric response and second-order phonons

in a GaSe crystal
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Krishna C. Mandal
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The dielectric function and momentum relaxation time of carriers for a single-crystal GaSe were

investigated using terahertz time-domain

spectroscopy over the frequency range from

0.4 to 2.4 THz. The key parameters determined from THz data using the Drude model are: the
plasma frequency w,=2.6+0.2 THz, the average momentum relaxation time (7)=56+2 fs, and the
mobility =89 cm?/V s for electrons. The THz absorption spectrum showed resonance structures
attributed to the difference frequency combinations associated with acoustical and optical
phonons. © 2005 American Institute of Physics. [DOI: 10.1063/1.2093944]

Gallium selenide (GaSe) is a promising semiconductor
crystal for nonlinear optics and THz generation with an ex-
tremely large bandwidth up to 41 THz."? GaSe is a negative
uniaxial layered semiconductor with hexagonal structure of

62m point group with a direct band gap E;’=2.202 eV and an
indirect gap E,=1.995 eV at T=300 K. The longitudinal and
transverse optical phonons are located at 254 and 213 cm™,
respectively.3‘4 Recently, GaSe was used in the generation of
0.18-5.27 THz electromagnetic waves using a difference-
frequency technique4 and also used in phase-matched optical
rectification with a Ti:sapphire laser from 0.4 to 41 THz.!
GaSe is becoming a material of choice for a THz emitter and
sensor. Time-domain spectroscopy (THz-TDS) can achieve a
high signal-to-noise ratio (~10*) using coherent phase detec-
tion for characterizing a variety of materials, including mo-
lecular vapors, liquids, semiconductors, superconductors,
biomedical molecules and tissues, nanostructures materials,
and artificial metallic structures.”’ Recently, THz-TDS has
also been used to investigate the lattice absorption associated
with the fundamental and second order phonon resonances in
semiconductors.®

This letter reports on the dielectric response measure-
ments in the far-infrared absorption of z-cut crystals
of doped GaSe using THz-TDS in the frequency
range 0.4-2.4 THz. Absorption peaks at 0.80 THz
(26.7 cm™), 1.24 THz (41.3 cm™"), 1.57 THz (52.3 cm™),
and 1.84 THz (61.3 cm™!) were observed which are attrib-
uted to the difference frequency combinations of acoustical
and optical phonons (see Table I). The key parameters ex-
tracted from data analysis using the Drude model for the
dielectric response are the plasma frequency w,, the average
momentum relaxation time 7), the mobility and the frequen-
cies of the combinations of acoustical and optical phonons in
the THz region.

THz pulses were generated using 70 fs optical pulses by
optical rectification in a ZnTe crystal. The details of the ex-
perimental system is described in Refs. 7 and 9. The entire
setup was placed in an airtight enclosure purged with dry
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nitrogen. Sample of z-cut GaSe crystals are unintentionally
doped single crystal with thicknesses of ~30 um, ~80 wum,
and 140 um, free standing crystalline plates. It was grown at
the EIC Lab. All measurements were performed at room
temperature (296 K). The signal-noise-ratio is 10* for the
measurement system.

The time profiles of the THz pulse transmitted through
the samples and without a sample are shown in Fig. 1. From
these temporal profiles, the delay due to the sample index
and thickness is obtained as Ar=1.16+0.02 ps for 140 pm.
Using the measurement of the time delay At, the group index
of refraction is calculated as ng=l+cAt/ d=3.3, where the
d(=140 um) is the thickness of the sample, and ¢ is the
speed of light in vacuum. The result for 7, is consistent with
the measured values in the region of 0.4-2.4 THz at room
temperature [see Fig. 2(b)]. In this study, the normal incident
THz beam had horizontal polarization which corresponds to
6=0 for a z-cut crystal, where @ is the angle between the
propagation direction of the incident beam and the optical
axis (normal to the surface). In this geometry, the refractive
index measured is the ordinary index, n,,.

Because of the relatively clear separation in the time
domain between the main transmitted pulse and the first in-
ternal reflection, the initial data analysis was performed on
the main pulse. For this simple case the frequency spectrum
of only the first transmitted pulse shows no oscillation. The
maximum recorded delay was limited to 4.9 ps by the trans-
lation stage. The refractive index at different frequencies (v)
is determined by the phase difference as n(v)=1
+cA¢/2mvd, and the absorption coefficient is calculated as
a(v)=—(1/d)In[ 7. Ps(v,d)/Pr(v,d)],” where 7 is a correct-
ing factor which is related to the reflection losses at the two
crystal/air interfaces. Ps(v,d) and Pr(v,d) are the measured
transmittances for sample and without sample, respectively.
These approximation experiments enabled the quite accurate
determination of the power absorption a(v) and index of
refraction n(v) of the sample.

Figures 2(a) and 2(b) give the power absorption
spectrum and the refractive index, respectively, for the
sample with a thickness of 140 um. Some absorption
resonance structures in a(v) at  0.80 THz

© 2005 American Institute of Physics
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TABLE I. Assignment of the difference combinations of phonon modes in
e-GaSe.

Different combination ~ Phonon modes®

Wave number (cm™) assignment (cm™)
A]=307.1
Calculated A3(LO)=247
from modes in  Second-order phonon
This study Ref. 18 modes A(TO)=236

E'(LO)=251.5

26.7 27.3 AN(TO)-E" E"=208.7

41.3 42.8 E'(LO)-E"

52.3 55.6 A|-E'(LO)

613 60.1 A|-AL(LO)

“Reference 18.

(26.7 cm™"), 1.24 THz (41.3 cm™"), 1.57 THz (52.3 cm™)
and 1.84 THz (61.3 cm™!) are attributed to the frequency
differences between combinations of acoustical and optical
phonons.

The total dielectric function, é(w)=(n+ik)?, of a
semiconductor consisting of bound electrons, optical
phonons, and conduction band electrons in the THz region
approximation is given by

10-13

! S~w2 . >
f(w) = () + X 74— L—. (1)
j=1 10— @ —iljo w<w+L)
()

The first term on the right-hand side is from valence elec-
trons, the second term is from polar lattices, and the third
term is from conduction electrons/plasmons, where the sum-
mation is over the lattice oscillators with the strength ;s the
resonance transverse optical phonon wrg;, the phonon relax-
ation rate I' » and the average momentum relaxation time for
carrier (7). The mobility is obtained from w=e{7)/m". The
valence electron (bound electron) contribution to the high
frequency dielectric function is denoted as e.. The static
dielectric constant g4, occurs in this treatment as ey4.=¢€,

0.0004 L
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--- Sarrple 2 (~80 um)
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FIG. 1. Time profiles of the THz pulse transmitted through GaSe crystals of
different thicknesses.
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FIG. 2. (a) Power absorption spectrum vs frequency (v) of the GaSe crystal
(d=140 pm). (b) Index of refraction of the GaSe crystal (d=140 um).

+2 ;Sj. The last term arises from the free carrier contribution
where the characteristic plasma frequency w), for the free
carriers (SI):
2
e’N
w0y = \| %, 2)

Egm

where N is the free carrier concentration and m” is the elec-
tron effective mass. The parameters {7) and w, are obtained
from fitting the THz data. The mobility u=e(7)/m" can be
found from the momentum relaxation time.

In this study (in the frequency region of 0.4-2.4 THz),
the incident frequency is far away from the TO phonon ab-
sorption frequency [see Fig. 2(a)], consequently, Eq. (1) sim-
plifies to the relationship

8(w) = (n() + ik(w))®

o) —— g4 A G)
olw+i(n™h we,’

where n(w) and k(w)(=ca/2w) are the real and imaginary
parts of the index of refraction, respectively. The complex
conductivity is denoted by d(w)=0 (w)+io;( w):isowi/ (w
+i(7)"") (Drude model') (for o< wtp), Where g,(=8.854
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X 1072 F/m) (MKS) is the free-space permittivity. Substi-
tuting 6(w)=0,(w)+io(w) in the right-hand side of Eq. (3),
the real and imaginary parts of conductivity ¢(w) are given
by

oi(w) = ggw(s(*) —n* + 1), 4)
and

o, (w) = 2nkwe, (5)

where &(©)=7.443 is used." Equations (4) and (5) in con-
junction with the experimental data from the of a(v) and
n(v) curves shown in Figs. 2(a) and 2(b), the real and imagi-
nary parts of the conductivity were calculated and are shown
in Figs. 3(a) and 3(b).

Resonance structures at the four prominent resonance
peaks in a(v) are observed at 0.80 THz (26.7 cm™),
1.24 THz (41.3 cm™), 1.57 THz (52.3 cm™), and
1.84 THz (61.3 cm™!). These peaks are attributed to fre-
quency difference combinations of second order acoustical
and optical phonons such as LO-TA and other mode combi-
nations (see Table 1).'%!” The band at 0.8 THz is assigned to
AY(TO)-E"(27.3 cm™). According to Raman and infrared
measurements'’ of e-type GaSe the band at 1.24 THz is from
the E'(LO)-E"(42.8 cm™') difference mode. The 1.57 THz
feature could be explained as an Aj-E’(LO)(55.6 cm™)
process. The absorption at 1.84 THz was assigned to
A}-A5(LO)(60.1 cm™!), which was also observed in Raman
measurements.’

Appl. Phys. Lett. 87, 182104 (2005)

From the relationship of d&(w)=0(w)+ic(w)
=i80w§/(a)+i< 771, the real and imaginary parts of 6(w) are
given by

2, \—
80w2<7'> !
>+ (772

(6)

0,(w) =

and

2
oi(w) = =% (7)

o+ (D%

The fit to the measured absorption coefficient a(v) and
the index of refraction n(v) is quite good over the entire
frequency range, as is the fit to the real part of o,(w) [see
Fig. 3(a)]. Two parameters were used to fit the experimental
data o,(w) [real part of o(w)]; the plasma frequency w,
=2.6+0.2 THz and the momentum relaxation time (7)
=56+2 fs. Using the effective mass for m =0.011m, (Ref.
19) (m=9.1x1073! kg), where my, is the free-electron mass,
the carrier density N=1.0X 10'3/cm?, and the electron mo-
bility =89 cm?/V s were obtained. This mobility value ex-
tracted from THz data is in close to the reported value of
75 cm?/V's (Ref. 20) and the time of flight mobility of
102 cm?/V s measured on a sample grown from the same
batch of the GaSe crystal.21

The key parameters of the momentum relaxation time,
56 fs, the mobility, 89 cm?/V's, and the carrier density,
10'/cm?, were obtained from the THz dielectric response
of a GaSe crystal from 0.4 to 2.4 THz. Second order acous-
tical and optical phonon resonances are observed in the
absorption spectrum in the region from 0.4 to 2.4 THz.

This work is supported in part by NASA, DoD Center,
NYSTAR, and CUNY Organized Research. The authors
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