NS S R E ISR A M M5

HIR D 1R3 230 g 4 Tk Y
1) (FER=ZIR RS, YA, T3 404100)
2) (PEEERE A IRV R A TR, BRI ERRE 5T, AR 230031)
3) (mF R, SRR, B 650091)
4) GRYIBAR KT, Fiel 5Heeli e, Yl 515118)

wmE

PN R VAW T A B G B | kR W LR O A
(1%-5%), fERERSR B2 H s B EAK (NCD) MRCK Sk (MCD)
SNIA IR, JER 22 BO6HE (THZ-TDS) $K, #E==iR A1 0.2-1.2
THz ARUBON <8 WA R B D' AR R EAT T E 9T . 183 THZ-TDS 2 B A
e, FEFEMELHSE ow) (o NASE) FSEAER, FIH
Drude-Lorentz JGH R ANXFATING, $1G 7 SN AHENFEE S
B, WBIRFIRES B TA R ER A B IRIE] . Lorentz %
% . XRD. SEM. Raman RN ELE KL FEE AR GEKE
(TR, SRR RS B~2.1 um 4046 2~83.9 nm, 5 A 525 B 1 K
b E S sp? st H ospPsp® By THAEH 0.32 #EmE 8.31.
THz-TDS & 45 R B« BT AR Y o Bt AL 5D i A S A A
B 55 ) S LT U, MCD B R 2 PERE AL T NCD B NCD i
H LR IR A SR A I P  BORE A BBV THZ DS, L MCD
R B 99 1) THz D6, X EEHF ST 45 R mT g SR 5 A e
TG T A BN R SR 2T S

KB eNIGEER, KAFZER O, SR

Hé: HFAMRRIEES GitHES: U2230122, U2067207, 12364033) 5 |24 HiBEEE
HAPURE T GHHES . 2025ZDZX1030) 5 BRI R 4RI 5 Thig i v AR 3 45
SEUE (VS ZDSYS20230626091303007) 5 =g A RN AL I (HLHES .
202401A8070135) ; B KT HZFHAHORBT I E00 H 558 (b5 . KIQN202601265)

IR R,
t {5 /E# E-mail: wenxu_issp@aliyun.com
+ 115 /E# E-mail: hebin@sztu.edu.cn

% —{E34 E-mail: huanxiao@sanxiau.edu.cn
1



1 8| 8

AR, &N B A SRy XA R A BRI v R, AR NME
R S ThReARE . FANBUE A B B 5 | 0 5 1 0 20 5 Ot 1 3 B R
ALK R A RIFAF Rt B mERR. DAL RIE S
HLZEPERRIZL, AR, BEE AN NI S & BRI R S, BIRCK . 90K 8
KRS N FEAM R ITHI T (MCD) 48 (NCD) Wl I — Ry, |
T MRS AU ) B SR — o S ATTRE AR B T AR I AE A S R
SRR ZE AR R R SRR (RS 5 B RN 55K R %
A WA ELEAL, NCD Al MCD IRAE B AL T80 DG # i 1, &
TR HUBDIEIRIN T AR 255 U B A 5 S A Rl B AR I 1,

M/NCD JRAE K I35 H R, SRR SRR TR ROGRIE. e &
AR T ERIAS . 6 VSIS h, F AR (R B ST 9 5 DR =22 4R
HI T B M A R T . DG HETE R, E M/NCD IR il 46 R4 0 Rk
fiuh BB DAIEAT R A S 0 B BB R R MR . BRI, R R R i 20 2 M VA
M/NCD i JELF B 50 B 2R M R B e 3. 13— 3802, BT AHE
% (102 Hz 3 THz) BHEOLRE (TDS) S —RhsE il B e s Bk,
AT A F NS P AR RIS T, 3812 MR FRRgKk e, 4k
LT R GV GK TR AR T KR A Tl (0.1 THz) Siz
250 (10 THz) ZIA) ) G AR, T4 7 RZ B0 T AR B R 502 A
HFHOE TREERAR (=1 THz~4.13 meV), KM 358 AR 248 SR i S
A BRI T B AR AT 08« 41, THz-TDS T I 1] 43 35375 5 s s 6 0 22
T 5 B Kramers-Kronig 48 e, P ELHSRIUGIE Al 51 it (¥ 5202 R4 (i
W AR AR E AL bR SR B, O E SEE R SRIA R AT AR

2



HL 22 N HL 7 2 B IR AR 22 5086 U5k . IE4ESK,  Amoruso 2PV F R O
fikadr, BHRFL T 4 NI A KR 25 B B S R Tehii ZEUOIE SRS A1 AR -
T it NBF LRI B, 7R T RS NIA  H HER T 587 103 71 % bl
i, HHE— DRI T AT B R A A R R M B BT 0 Ye 2R
THz-TDS #R, W50 1 CVD #%Hil# 12 fh 5 5 e NI 1E 0.1-3 THz i Fl A
REAE ST U6 S 53 A i R . FRATTRTIACL N A THz-TDS B9 17 A3 5 i 42 M1
A1 (SCD) W HRFEIIRIB R 2 f S WA e RO P B Rs e Rt B
ER AL S B0 5 710, X AN [ o RS A B ) B, 27 1 R A 7 5% L
Fe, DAAIRN T SRAH SR LI, ARkl 4 WA I (A Rl R 28 R I8 FH S AL}
TS
2 EISERS
2.1 B

FEARW T, BATE SexSiFtE (HAe=235F, JERE~500 pm) #EAT 7 ikt
L SRAPRIAZ100 pm<g NI ok 3 Sifef AR T AT RIJRIWCAL B], Bl J5 WRIRAE N
Bl SNCD#Y K I B BB S B, 5 F SBErPeT1% . XTI m] A AL
VAT RRT, BRI SN ORI R B . SEER SR AL 5 9 HF-650 1 #4242
WRESAPUER (HFCVD) R, 7ESifdJE -4 5l £ NCDAMCD# i, #i42
KA BEAZRN0.5 mmigH2z, 22[8)FER7.5 mm, #22 545)RIAFEZ)9.5 mm, 4K
LRI AT 2 DR AT RS F R, RUTARI [E 48— 10/M . NCD5MCD#
i AR K S HUL R, H B (CHa) R % (Vol.% CHa) 43 il B 1%
2% 4%H15%, KRR35 B T R B R, A3 MCD/NCD

FE i R & NI R B 43 0 2586 ums 12 pm. 20 pm 117 pm.



® 1 SWIARREAR CH/H, EUE T A K S

Table 1. Growth parameters of diamond samples at different CH4/H> ratios

CHy4 flow H, flow Substrate Total Pressure Filament Power
Sample CH4:H,
(sccm) (sccm) Temperature (°C) (Pa) (KW)
MCD-1 5 500 1% ~830 4000 1.240.1
MCD-2 10 500 2% ~830 4000 1.240.1
NCD-4 20 500 4% ~830 4000 1.2+0.1
NCD-5 25 500 5% ~830 4000 1.2+0.1
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Fig.1. Schematic diagram of the terahertz time-domain reflection spectroscopy (TDRS)
measurement system, where BS, M1-10, PM1-4, PM, and WP represent beam splitter, metallic
mirrors, parabolic mirrors, beam splitter/partially reflecting mirror, and Wollaston prism in the
optical system, respectively
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Fig.2. (a) X-ray diffraction patterns and (b) Raman spectra of MCD-1, MCD-2. NCD-4. NCD-5
and Si substrate. Figures (c)~(f) present the Raman deconvolution fitting spectra for the four
samples
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Fig.3. Top-view SEM images of (a), (b) MCD and (c), (d) NCD films together with corresponding
grain size statistics (al, b1, c1, d1)
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Fig.4. THz reflection electric field amplitude and phase angle versus radiation frequency f~w/2n
for MCD and NCD samples at room temperature, where the phase angles of four samples coincide
roughly. The inset shows the temporal evolution of THz electric field with delay time for MCD and

NCD samples. Figure (e) shows the terahertz transmission time-domain signal of the silicon
substrate, and Figure (f) presents the terahertz reflection time-domain signals of silicon and gold

mirror substrates
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Table 2. Variations of the sp*sp> area ratio, the ratio of carrier density to effective carrier mass

R=N/m", the electronic relaxation time z, and the Lorentz frequency wo with grain size of the

samples
Sample Grain Size sp¥sp®  R=N/m" (x10%2m73/kg) 7(ps) wo (THz)
MCD-1 ~2.1 um 0.32 3.9603 0.2374 4.1362
MCD-2 ~1.9 um 0.78 3.9902 0.2250 4.1101
NCD-4 ~95.8 nm 3.65 5.0102 0.1805 3.9562
NCD-5 ~83.9 nm 8.31 6.0602 0.1655 3.8762
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Abstract

In this work, hot-filament chemical vapor deposition (HFCVD)
was employed to fabricate four groups of microcrystalline diamond
(MCD) and nanocrystalline diamond (NCD) films with continuously
tunable grain sizes on silicon substrates by adjusting the volume
fraction of methane (CHj4) in the gas phase from 1% to 5%. Based on
terahertz time-domain spectroscopy (THz-TDS), the terahertz
optoelectronic properties of the two types of diamond films were
systematically characterized at room temperature within the frequency
range of 0.2-1.2 THz.

A vertical reflection measurement configuration of THz-TDS was
adopted for the experiments, and the test principle is displayed in

Figure a. The variation laws of terahertz reflected electric field
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amplitude and phase angle of the two film samples with radiation
frequency were obtained through experimental tests. Taking the MCD
film sample as the typical research object, its frequency-domain
response curves are shown in Figure b, and the inset of Figure b
presents the corresponding terahertz time-domain spectrum of the
sample. The complex photoconductivity o(w) of the films was further
extracted from the vertical reflection time-domain spectral data. Data
analysis indicates that the classic pure Drude model fails to effectively
fit the measured photoconductivity spectra. In contrast, the
Drude-Lorentz model, which incorporates the scattering effect of free
carriers and the resonance effect of bound electrons, achieves a good
fitting consistency with the experimental data (Figure c). Key
electrical parameters, including the ratio of carrier density to effective
carrier mass R=N/m", the electronic relaxation time 7, and the Lorentz
frequency wo, were acquired based on the fitting results.

Combined with the quantitative characterization results of X-ray
diffraction (XRD), scanning electron microscopy (SEM), and Raman
spectroscopy, the evolution laws of the ~microstructures and
optoelectronic properties of the films were analyzed. With the gradual
increase in CH4 concentration, the grain size of diamond decreases
continuously from approximately 2.1 pm to 83.9 nm, accompanied by
a continuous increase in the grain boundary density of the films.
Meanwhile, sp? graphitic carbon is gradually enriched at the grain
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boundaries, and the integral area ratio of sp?/sp® phases increases
monotonically from 0.32 to 8.31. The high-density graphitic carbon at
grain boundaries acts as an intense carrier scattering center, which
significantly reduces the carrier relaxation time and introduces
localized bound electrons to induce terahertz resonance absorption.
These effects ultimately lead to distinct differences in the
optoelectronic properties between MCD and NCD films.

Experimental tests and analytical results demonstrate that MCD
films with large grain sizes possess lower grain boundary scattering
loss and superior carrier transport performance, showing promising
application prospects in diamond-based microelectronic devices. In
comparison, NCD films exhibit weaker terahertz optical absorption
intensity and have outstanding application potential as
high-performance terahertz optical window materials. The research
findings provide reliable theoretical and experimental support for the
scientific research and industrial application of  micro- and
nano-crystalline diamond thin films in electronic and optoelectronic
devices.

Keywords: diamond films, THz-TDS, optoelectronic properties
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