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Fig. 1. Schematic diagram of experimental setup of transmission THz-TDS system.
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Fig. 2. (a) THz time-domain spectra of the reference signal
GaSe, GaSe: S(2.5%), and GaSe: S (7%), the illustration is
a magnified view of the main peak of THz time-domain
spectrum of three samples; (b) THz spectra of the reference
signal GaSe, GaSe: S(2.5%), and GaSe: S(7%); (c) trans-
missivity of GaSe, GaSe: S(2.5%), and GaSe: S(7%) in THz
band.
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Fig. 3. (a) Refractive indexes of GaSe, GaSe: S(2.5%), and GaSe: S(7%) in THz band; (b) extinction coefficients of GaSe, GaSe:
S(2.5%), and GaSe: S(7%) in THz band (the solid lines are the results of refractive index and extinction coefficient fittings), the il-
lustration is a first-order derivative of GaSe and GaSe: S(2.5%) extinction coefficients; (c) the X-ray diffraction pattern of GaSe,
GaSe: 5(2.5%), and GaSe: S(7%); (d) the rocking curve of the (004) face of GaSe, GaSe: S(2.5%), and GaSe: S(7%).
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Fig. 4. Absorption coefficients of GaSe, GaSe: S(2.5%), and

GaSe: S(7%) in THz band (the solid lines are the results of

absorption coefficients fittings).
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Fig. 5. (a) The real part of conductivity of GaSe, GaSe: S(2.5%), and GaSe: S(7%) in THz band; (b) the imaginary part of conduct-

ivity of GaSe, GaSe: S
model fitting).

Lorentz BRI FH AR HL 2 A0 1 >k 1 F PRI
IR B L - 25 R | B8 2 R R 2
TERT- P A iy 2R T, RS AR AR IR SRy,
Y1y il B R R A AE B W 9 SR A R Bl e, HLAS[R]
S BAMEE GaSe AR B A MM LA AE 2 0 PR
.

I DL X SRS B 0 A, JF % 183
A A HP A A LT R A5ON A AAS PR SAsONE, BRLIER:
] Drude-Smith-Lorentz £ %Y 3339 %} GaSe ff {4
HL R TG, HE AR k=08

£( +Z—
ws -—w2 iwl;

j=1

wg C1
w(w+$) (1+ 1i‘*’7),
A Sy AR R SIR I, w2 AR RSN, I

S TR, oy = | o RH TR,
=-1.6 x 10 C HHEFHM, m" = 0.011m (m
— 0.1x10% kg) A THART P, N R 2L
WFHIE, 7 BT RS A, o)
mm%%m%zﬁ&ﬁm%%r.ﬂm<yt<u>

TSR BA R A () = Rey/Z(@), 1k
%ﬁ%UAfﬁ —mJ‘V2wwgﬁm
MaEANa ImF ) w/e. T (3) &

(2.5%), and GaSe: S(7%) in THz band (the solid lines are the results of an improved Drude-Smith-Lorentz

SR &2 A 80k & 5075 2 Drude-Smith-
Lorentz 575 H1L T2 401 A 20 (38039

Zj: wsoS w
)
= wl w )

2
i leo—wipuj—r (1 - 1 —Clio.w') ’ (14)

K (14) T AR B wo; K] 5(a) HHE

E‘F;f—?eiréﬂﬁaﬂﬁﬂ&ﬁw BT I e g . GaSe

mm A R B R 4l J& 0.56 THz, 1.07 THz,
1.81 THz #12.28 THz; GaSe: S(2.5%) H 3 ™iut&
PRENIFR, 433 0.56 THz, 1.07 THz F11.81 THz;
GaSe: S(7%) H7E 1.81 THz &b —A itk 4Rk sh 4
F.GEE b5 i i SRR, B S g
PR B AEAE S 0 W T2 L SR LG .

)5, 2% H Drude-Smith-Lorentz #55%t &2 $fr
SR R RN B SR ELE, SRR
S BRI GaSe mbiR M4 B FARMI R w, | 20T
PR AZ 3 R A B AR 8] 7 I ZR BRI R R B 1)
SEEE o W A1, anl&l 6 B, A 6(a)
ATLUE ), B S B9k BER3E R, 45 BT n]
RARE 5y, B F K R R R G i R B 1<
MIE 6(a) LA 25 R BF- 2 {E AT GaSe: S(7%)
1) 55 B ARSI R I/ N, 2078 1.32 THz, B FIKE
AR E G RHEER R, 2920 43.43 fs. GaSe AhiA R

047801-7



¥ 12 ¥ | Acta Phys. Sin. Vol. 72, No. 4 (2023) 047801
h [ B —0.55 r(b) /\;
165
1.4 . s
—0.56
e — 460 F .
= H - o (w) . ———— & 155 |
z D 50 & —
E 1.0F —aafw) i = o \
Ex Average B oy \, ; lus _osslh §
0.8} == === - N
:/ - ____‘,-._-I 140 059} +g((w))
"or g {—‘ o J_-_’- 35 —a— a(w)
.- —0.60 Average
04 - £ .

-1 0 1 2 3 4 5 6 7 8

S concentration/%

&l 6

-1 0 1 2 3 4 5 6 7 8

S concentration/%

(a) GaSe, GaSe: S(2.5%) Hl GaSe: S(7%) )& P14+ 2 . W R $OF &2 HL 5 F 4% Drude-Smith-Lorentz #5855 85 /& 45

RN T 2 0 72 09 52 4 ik 18] B S 941 5 (b) GaSe, GaSe: S(2.5%) Hl GaSe: S(7%) 2 %Il i 52 37 5 2 | W e 22 B0 01 2 37 5 R A
Drude-Smith-Lorentz % T ) 28 88 097k &2 1 o0 1 800 ¢ M HSF 3491
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GaSe: S(7%) under the Drude-Smith-Lorentz model of complex conductivity, complex refractivity and absorption coefficient.
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F 1 TR SR SRR T R
HIL 4R
Table 1. The fitting results of lattice vibration in-

tensity and phonon relaxation rate of the complex

refractivity.
WHSH GaSe GaSe: 5(2.5%) GaSe: S(7%)
wo1/THz 0.56 0.56
S1 /(arb.units) 0.0016 0.0015
I /THz 0.0411 0.0413
wo2 /THz 1.07 1.07
Sz /(arb.units) 0.0112 0.0011
I; /THz 0.2882 0.6270
wo3 /THz 1.81 1.81 1.81
S3 /(arb.units) 0.0010 0.0008 0.0009
I's /THz 0.0412 0.0647 0.0573
woa /THz 2.28

Sy /(arb.units) 0.0042
Iy/THz 03631

3 RN SR SRR T R
HIPLE 45
Table 3.  The fitting results of lattice vibration in-

tensity and phonon relaxation rate of the complex

conductivity.
WHSH GaSe GaSe: 5(2.5%) GaSe: S(7%)
wo1/THz 0.56 0.56
S /(arb.units)  0.0055 0.0052
I /THz 1.1491 1.1495
wo2 /THz 1.07 1.07
So /(arb.units) 0.0044 0.0020
I, /THz 1.3296 1.3936
wo3 /THz 1.81 1.81 1.81
Ss3 /(arb.units)  0.0009 0.0007 0.0008
I3 /THz 0.4122 0.4385 0.4245

woa /THz 2.28
S4 /(arb.units) 0.0018
Iy/THz  1.9465

AN

ZE L PTR, ARSCHI A THz-TDS $R, #5981
0.6—2.5 THz JifIN GaSe, GaSe: S(2.5%) il GaSe:
S(7%) i M5 B LT R AE A I ] Drude-Smith-
Lorentz AU H AT HL G R BTG . IF5E L BLHL
SARRIIFRBIBEIAR A IE R TIRER, HBE S Bk E
3G R/, X 2R o T S B AR B AR
[t (S B Se) FIEIBRZR 5T (GaS), flf A A i 2 K

2 WOCRBLA AR IR Sl 5 B A T g iR R
HUEIVEREAES

Table 2. The fitting results of lattice vibration in-

tensity and phonon relaxation rate of the absorption

coefficient.
LYBLIE S8 GaSe GaSe: S(2.5%) GaSe: S(7%)
wo1/THz 0.56 0.56
S /(arb.units) 0.0039 0.0021
I /THz 0.4112 0.4513
wo2 /THz 1.07 1.07
So /(arb.units) 0.0081 0.0039
I /THz 0.2229 0.2213
wo3 /THz 1.81 1.81 1.81
S3 /(arb.units) 0.0003 0.0001 0.0002
I's /THz 0.0766 0.0787 0.0777
woa /THz 2.28

Sy /(arb.units) 0.0048
Iy/THz 04012

T4 ARIRSIIREAE T I B AR 2 RIS 4
HEARTE

Table 4. The averages value of lattice vibration in-
tensity and phonon relaxation rate from multiple fit-

ting results.

YHLBE GaSe GaSe: S(2.5%) GaSe: S(7%)

wo1/THz 0.56 0.56
Sy /(arb.units)  0.0037 0.0029
Iy /THz 0.5338 0.5474
wo2 /THz 1.07 1.07
S2 /(arb.units) 0.0079 0.0023
Iy /THz 0.6136 0.7473
wo3 /THz 1.81 1.81 1.81
S3 /(arb.units)  0.0007 0.0005 0.0006
I3 /THz 0.1767 0.1940 0.1865

woa /THz 2.28
S4 /(arb.units) 0.0036
y/THz  0.9036

REZZ ) F A PR BRGSO IR TR i
f). A4E GaSe Fl GaSe: S(2.5%) 7624 0.56 THz AMG
H 5 ) AR BhIG, T GaSe: S(7%) 7E 0.56 THz i}
IETCAASIRENIE, X EEIER T S B4 m T GaSe
PR A RE R, 55 T AR n 2 IR PEAR 2. W)
FFERE]IX 3 MRS FEL) 1.81 THz Ab35 777 I &,
B 78 kS IR sh 6, H GaSe §h A 7E 1.07 THz A
2.28 THz AT R BEAMAR IR BIIE, GaSe: S(2.5%)
mnRANAE 1.07 THz W U5 0 58 S Ak 4k sh i, 1
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Abstract

In this work, the conductivity of intrinsic GaSe, S doped 2.5 mass% GaSe (GaSe: S(2.5%)), and S doped
7 mass% GaSe (GaSe: S(7%)) crystals, in a frequency range of 0.3-2.5 THz, is measured by transmission
terahertz time-domain spectroscopy, and fitted with Drude-Smith-Lorentz model which is introduced by lattice
vibration effect. It is found that the real part of conductivity decreases with the augment of S doping, which is
caused by the gradual shift of the Fermi energy level of GaSe crystals to the charge neutrality level due to the
generation of substitution impurities and gap impurities by S doping, resulting in the reduction of carrier
concentration. The intrinsic GaSe and GaSe: S(2.5%) have a clear lattice vibration peak at about 0.56 THz,
while GaSe: S(7%) has no lattice vibration peak near 0.56 THz, which is mainly due to the S doping increasing
the structural hardness of the crystal and reducing the interlayer rigidity vibration of the crystal. All three
samples have the obvious narrow lattice vibration peaks at about 1.81 THz, and the intensities that first
decrease and then increase with the augment of S doping, which is mainly due to the fact that a small amount
of S doping can reduce the local structural defects of GaSe and weaken the intensity of the narrow lattice
vibration peak, while excessive S doping can generate the (B-type GaS crystal, increase the local structural
defects of the crystals and the intensity of the narrow lattice vibration peak. With the increase of S doping, the
intensity of the broad lattice vibration peak of GaSe crystal weakens or even disappears at about 1.07 THz and
2.28 THz, mainly due to the S doping resulting in the substitution of S for impurities and GaS gap impurities,
which reduces the fundamental frequency phonon vibration intensity, thereby weakening the lattice vibration
caused by the second-order phonon difference mode of the crystal. The results show that the appropriate
concentration of S doping can effectively suppress the lattice vibration of GaSe crystal and reduce the
conductivity and power loss in the THz band. This study provides important data support and theoretical basis

for the design and fabrication of low loss THz devices.

Keywords: terahertz time-domain spectroscopy, sulfur doped gallium selenide crystal, conductivity, Drude-

Smith-Lorentz model

PACS: 78.20.—e, 78.20.Ci, 78.40.Fy, 63.20.— DOI: 10.7498/aps.72.20221548

* Project supported by the National Natural Science Foundation of China (Grant Nos. 62205194, 52177185) and Shanghai
Natural Science Foundation of China (Grant No. 17ZR1411500).

1 Corresponding author. E-mail: zmhuang@mail.sitp.ac.cn

047801-11


http://doi.org/10.7498/aps.72.20221548
mailto:zmhuang@mail.sitp.ac.cn

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

KA AR TS ACaSe M1 SRS

Fory R RHE ERZH cHhE S#W REN AR

Conductivity in sulfur doped gallium selenide crystals measured by terahertz time—domain spectroscopy

Li Gao-Fang  YinWen HuangJing-Guo CuiHao-Yang YeHan-Jing Gao Yan-Qing Huang Zhi-Ming
Chu Jun-Hao

5] Fi{i5 &, Citation: Acta Physica Sinica, 72, 047801 (2023) DOI: 10.7498/aps.72.20221548

TELR T2 View online: https://doi.org/10.7498/aps.72.20221548

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

Ho, Y FeO 5Lty [ i€ BLIRIA) (4B A0 55 A RORE R B 2% 6%

Terahertz spectroscopy study of doping and magnetic field induced effects on spin reorientation in Ho, Y FeOj; single crystals

WIFEE4. 2020, 69(20): 207802 https://doi.org/10.7498/aps.69.20201518

IR ZE O bk b A 2% 18 2 S A4

Holographic detection of pulsed terahertz waves in terahertz time—domain spectroscopy

PyFEEEAR. 2022, 71(18): 188704  https:/doi.org/10.7498/aps.71.20220983

IR 2 7 IR TS AT 4 07 5 P SO 1

Simulations and time—domain spectroscopy measurements for terahertz radar—cross section

YrE2E4E. 2019, 68(16): 168701  https://doi.org/10.7498/aps.68.20190552

RS R 6105 Pr, FeO, iAo I B 1 HE R B SABRAT A KB 2
Terahertz spectroscopic characterization of spin mode and crystal—field transition in high—throughput grown crystals

YrE2E 4. 2020, 69(20): 209501  https://doi.org/10.7498/aps.69.20200732

Sm3+,Sr2+ B J AT Ce O HL i BT RE R IR 1% BE 12 R B+ UT T
DFT+U calculation of Sm3+ and Sr2+ co—doping effect on performance of CeO2-based electrolyte

YrH2E . 2018, 67(8): 088202  https:/doi.org/10.7498/aps.67.20172748

FH T 5 AR 2% TR0 4 )RR e e PR R S D5
Cryogenic blackbody calibration source for superconducting terahertz detectors

YIBR2E4R. 2022, 71(16): 168702  hitps://doi.org/10.7498/aps.71.20220103


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20221548
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20201518
https://doi.org/10.7498/aps.71.20220983
https://doi.org/10.7498/aps.68.20190552
https://doi.org/10.7498/aps.69.20200732
https://doi.org/10.7498/aps.67.20172748
https://doi.org/10.7498/aps.71.20220103

	1 引　言
	2 实验设备
	3 数据处理
	4 实验结果和分析
	5 小　结
	参考文献

